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FOREWORD

These Proceedings contain the papers presented at the Twenty Secoond Annual Precision
Time and Time Interval Applications and Planning Meeting. The meeting was held at
the Sheraton Premiere in Tysons Corner, Virginia this year. A good attendance at the
mecetings and the banquet was an indication of the continuing interest in the field. We had
a number of invited papers, some of which are included in this proceedings. A few papers
are missing because they were not received in time for publication or were withdrawn from

publication by sponsors. The question and answer periods following each talk are included
as usual.

This is the second year that we have had a Poster Session. Acceptance of this session was
uniformly positive, both by attendees and by presenters. The advantage of this session is
the one-on-one interaction between the presenter and the attendee.

The Hydrogen Maser Workshop, organized by Jacques Vanier, and the Environmental
Effects Session, organized by Helmut Hellwig, were outstanding successes due to the efforts
of these two gentlemen and to the interest in these aspects of the field.

There were 251 registered attendees, very high for an East Coast meeting.

The objective of these meetings is to provide an opportunity for program planners to meet
those who are engaged in research and development and to keep abreast of the state-
of-the-art and latest technological developments. At the same time, they provide an
opportunity for engineers to meet program planners.

The success of these meetings depends on the efforts of the Program Chairman and the
individual Session Chairmen and the organization of the entire meeting by the Chairman

of the Executive Committece. Without their unstinting labor, such meetings could not be
held.

xi/xii
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KEYNOTE ADDRESS

THE PAST, PRESENT AND FUTURE OF ATOMIC
TIME

Norman F. Ramsey
Harvard University
Cambridge, MA 02138, USA

Abstract

The early history of atomic time and frequency standards is reviewed, The most accurate and stable
present standards are described. Prospective future improvements are discussed, particularly those with lascr
cooling and with trapped ions and afoms.

(\\§ THE PAST

The first successful magnetic resonance experjments were those of Rabi and his associates!? with
molecular beams in 1938. The initial experiments measured the interactions of nuclear magnetic
moments with external magnetic fields, 29 fad;ofreq;x?i{cy' spectra were soon observed that depended
on internal interactions within molécule§? or.atoms3. Some of the radiofrequency spectra lines weic
almost independent of external conditions® and could therefore be used as the highly stable periodic
component of an atomic clock®7. Raki, Zacharias.and. Ramsey-at Columbia discussed the pussibility
of atomic clocks at Columbia as early as 1939 and Rabi discussed these ideas publicly in his 1943
Richtmeyer1écture to the American Physical Society; the first published descripiion of atomic clochs
was the New York Times article based on this lecture.

Tn 1949 Ramsey®? invented the separated oscillatory field method which provided narrower resunances,
eliminated first order Doppler shifts and was useable at much higher frequencies. In 1952 Kusch, Lyous
Sherwood and others!® did some initial work on a separated oscillatory field atomic cesium dock, but
the work was soon discontinued. In 1954 Zacharias!! stimulated renewed interest in an atomic cesiuni
clock and began'? the development of a commercial atomic cesium clock. The first atomic beam
apparatus extensively used as an actual frequency standard was constructed in 1955 by Essen aud
Parry'®. From 1956 on atomic frequency standards developed rapidly with major contributions coming
from a number of laboratories in many different countries” !4, Stabilities and accuiacies of about 107"
have been achieved with atomic cesium clocks!? and the second, by international agreement, has been
defined as the duration of 9,192,631,770 cesium periods.

Concnrrent with the advances in atomic beam clocks, a number other atomic and molecular cluocks weie
developed’. Microwave absorption devices using molecular resonances, such such as the N1z inversion
transition, were developed by Townes and others”. Later Townes'® discovered the maser principle and
developed the ammonia maser which operated well but lacked the stability to be competitive.

The combination of Kastler’s optical pumping technique!® with Diche’s use of buffer gases!™ provided
strong oscillations free from first order Doppler effects, so optically putuped 1ubidium can be used as




a frequency standard. Although other atomic clocks have greater accuracy and stability, rubidium
clocks are frequently used since they are much lighter and less expensive.

The atomic hydrogen maser was invented by Kleppner and Ramsey'® and a aumber of scientists’
contributed to its improvement. In the hydrogen maser, atoms in the higher Ly perfine state of atomic
hydrogen are stored in a teflon coated bottle inside a tuned microwave cavity where by stimulated
emission they emit coherent highly stable microwave radiation. The stability of a hy drogen maser can
be better than 10~° over several hours.

Townes and Schawlow!? first pointed out the possibility of applying the maser piinciples at infiated aud
light frequencies and the first successful laser was made by Maiman?®®. Since then laser developments
have occurred at a rapid pace with dramatic improvements in frequency range, power and stability.
Major advances came from the suppression of first order Doppler shifts by such techniques as two
photon absorption spectroscopy” and from the development of successive chains of laser frequencies
so that the laser frequencies could be calibrated in terms of cesium.

In recent years a number of major new techniques for trapping and cooling ions have been developed
including cooling by collisions with inert gases such as e, laser covling and sympathetic couling.
Likewise techniques for trapping and ouling neutral atoms have developed at a 1apid pace including
slowing of atoms with a laser beam, lascr trapping of atoms, laser cooling and optical molasses. Since
most of these developinents hold great promise for the future but are not yet incorporated into cunient
clocks, they will be discussed later in the section on the future.

THE PRESENT

\j)‘ At present different atomic clocks can be chosen to fit the need. When hig: stability is not required,
optically pumped rubidium cells can be chosen for their low cost, small s..e and light weight; such
cells are stable to 107! over a one month period and more stable for shorv-r periods. When greates
accuracy and stability is required, cesium beam tubes are usually used; th:y are accusate to better
than 10:3 over extended time periods. Tor the highest stability requirements, as in long bascline
radio astronomy and navigation in outer space, hydrogen i:asers are often required; they are stable
to better than 10713 over several hours. When optical frequencies necc to be measured lasers must

be used even though they are not yet absolute standards.
i

THE FUTURE

Niels Bohr once said, “It is always difficult to make predictions, esvedially predictions about the fu-
ture”. Long range predictions in a rapidiy developing field like that of . vate tyning are particulaily
unreliable because unanticipated new ideas usually occur and greatly chang, nve «. Shoit term
predictions are usualiy much better because they depend mostly on developu...is that have already
partially occurred. I shall devote most of this section to describing current plans and recent research
developments which have particularly promising implications for Jhie future ..ud which are the essential
ingredients to rational predictions of both the near and Jistant futures.

Many improvements are being developed or are in prospect for the atomic docks currently used. T'ui
example, the siniple and low cost optically pumped atomic escillators are being improved by the use of
different atoms, by suitable wall coatings which permit the omission of buffer gases” and by combiniug,
optical pumping techniques with those of atom trapping and cooling,.
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A: number-of improvements.can be made on the next generation of accurate atomic beam frequency
standards?'=?4, Instead of state selection by deflection with inhou.. sgeacous magnetic fields, the atoms
may:be optically pumped to the desired state. The ends of the separated oscillatory fields cavities can
‘be-designed-to minimize distributed cavity phase shift?® and an axial magnetic field may be chosen
to-minimize Rabi and Ramsey pulling?®. Beam reversal can be w.ud to evaluate any remaining phase
shift-between the two oscillatory ficlds and the excitation can be w.ul counter- propagating waves?! —21,
Although cesium is the atom currently most frequently used in atomic beam frequency standards, othcs
atoms such as Mg -are being investigated. Higher excited states may nlso be used to obtain atomic

beam frequency standards at higher frequencies. The atoms in an atomi . m 1.3, be laser cooled to
reduce the second order Doppler shift. Many of the laser cooling and ..., vxperiments discussed
‘below are combined laser and atomic beam experiments. Unc.rtal: 2 L. second order Doppler
shift can also be reduced by velocity selection of the beam, but ... ©° ¢» . serious reduction in

beam intensity.

Many atomic clocks, such as cesium beam tubes, have much better lon , terin accuracy than short
term stability ir. xhich case the shorter term stability of the clock can i+ .1y imoroved by suitably
coupling it to a fl; wheel oscillator with high short term stability. Crys’ ators, for example, can
be used for the fly wheel oscillator. Very high Q cavities are good for this , ir,.0s¢ and superconducting
e.vities are particularly promising since they are highly stable. Circuits wi.h either optical or electrical
fadback from a high Q cavity markedly diminish the noise and increase the short term stability.
Consideration is even given to the possibility of using a hydrogen maser as a Ly wheel oscillator.

Possible improvuinz..s for the hydrogen maser?® incdlude more stable tuned cavities, electi onic eavity
tuning, operation at low temperatures, operation in a passive mode and 1.ew confinemeut surfaces,
such as superflud “He or Fomblin oil. Superfluid helium surfaces have the advantage tiat they are
reproducible since tie superfluid helium covers all impurities and does not change its character sith
time.

Infra-:ed and optical frequency standards can be improved by the use of narrower li.es, by the
adaptation to optical frequencies of the separated oscillatory field methods, vy improved f{requency
chains to compare different frequency standards and by “., various ion and atom trapping and cooling
techniques discussed below.

Delimelt?6%7 first used electromagnetic ion traps in radiofrequency resonance studies. Penning traps
overcome the limitations of the Earnshaw theorem by confining the ions in one direction with an
inhomogeneous electric field and in the two other orthogonal directions with a uniform magnetic field.
Alternatively, suitable inhomogeneous electric fields can provide focussing in all three directions in
Paul or radiofrequency traps which alternately provide focussing and defocussing in each direction
but with an average focussing in all directions. Jon traps have the advantage that the ob.erved
transition frequencies are approximately independent of the trapping fields. Originally the trapped
ions had high kinetic energy (approximately 1 eV) and excessively ligh second order Doppler shifts.
Ilowever, Prestage, Dick and Maleki?® have used a hybrid rf/dc lincar ion trap which permits storage
of large numbers of ions with reduced susceptibility to the second order Doppler effect caused by the rf
confining fields. Alternatively, Cutler®®, Dehmelt® and others*”?! have obtained promising frequency
standards by cooling trapped °'Ilg ions to 300K by collisions with low pressure helium gas.

Laser cooling, as proposed by Wincland and Dchmelt?”2 aid by Hansch and Schawlow™?, can go to
even much lower temperatures by shining intense lascr light at the frequency of an allowed optical
transition onto a trapped atom or ion slightly below the resonance frequency so the light pressure
by the first order Doppler shift is greatest on the ion when it is approaching the light. Dehmelt™




and Wineland?735 and others’ have used this technique to cool trapped ions to temperatures of a
“few micro Kelvin where the second order Doppler shifts are negligible. Laser cooling of ions has been
-effective with both Penning and electric quadrupole rf traps. If the cooling laser beams act directly
on the stored ions being used for time keeping, they must be turned off when the clock frequency is
being measured, However, this can be avoided by the process of “sympathetic cooling™ in which two
different ions are trapped with one being the ciock atom while the other is laser cooled, the two hinds
of atoms interact sufficiently in the trap for the clock ions to be “sy mpathetically™ cooled by the other
jons®®. Trapped ions have bea cooled t. the lowest vibrational state of the .rap. Laser cooling of
‘trapped ions is a very promising technique for stable clocks with the principal limitation beitng the
Tow ion densit, :equired to avoid space chaige effects and th.. low density in turn reduces the signal
to noise ratio.

The extreme limit for low density of ion traps are those with only a single ion®'. In such such
experiments the expected low signal to noise ratio can be improved by the techuique of “skelving”™. In
shelvirng, say with say 13¥Bat,t" ion is excited from the 625, /2 ground state to the 52D5/2 state with
two intense laser beams and the .ransitions between the 59.)5/2 state and the 52D; /2 state are i1 .luced
at the clock *equency. When the ion is “shelved” in the 52D 372 state the laser induced transitic - stop
-until the ior leaves that state. In this fashion cach clock induced transition can affect 10% ok<crvable
fluorescent photons which greatly improves the signal to nose ratio.

In 1985, Phillips®*® and his associates used laser cooling of a focussed atomic beam to slow electrically
uncharged atoms and even reverse their velocity. Since the Duppler shift changes as the atom slows
down, ecither the atomic optical frequency or the laser frequency must change for the slowing tu
continue. Phillips did so by having the atoms pass through a region where the magnetic ficld gradually
changed as the atom moved along its path. Alternatively, HaIl’, Wieman” and others” have changed
or “chirped” the laser frequency as the atom has slowed down. The success of atom cooling permits
atoms to be stored in weak traps so there has been a virtual explosion of new ideas and developments
in laser trapping of atoms during recent years. Laser forces on neutral atows can arise cither from the
gradients of the laser electric field interacting widi the induced electric dipole moment of the atom
(gradient or dipole force traps) or by the transfer of mon wum in the absorption and emission of
radiation (spontaneous radiation or scattering force traps), .ith the gradient tiaps being intrinsicaii,
weaker. When slow atoms are introduced into a region with oppositel, dirccted laser beams along
three orthogonal directions at frequencivs slightly below the resonance frequency, the atoms will be
laser cooled in whatever direction they move. Although such “opiical molasses™ does not provide a
stable trap Chu®®, Pritchard®, Wieman®, Cohen Tannoudji*' and othu:* have combined optical
molasses with either gradient or radiation trapping to trap atoms at about i00 K.

Phillips and his associates™ i. 1988 made the startling experimental discovery that Na atoms could
be cooled to lower velocities ti. n had previously been considered to be the theoretical cooling limit. Tt
was thought that there was a tucoretici! limit, often called the Doppler limit, below wlhich the atoms
could not be cooled by laser cooling. This theoretical limit quiiv. ,easonably vccurs when kgT/2 =
hI'/4 where T is the spontancous cmission 1ate fiom the excited atomic state and kg is the Boltzmann
constant. For Na, this theoretical temperature limit T = 210 pK. In contrast. Phillips and associates™
found experimentally a cooling to 10 pK. \\nother theoretical limit to cooling was thought to be the
recoil limit which occurs when the recoil energy (hk)?/2M of the atom of mass M emits a photon
of momentum hk. Cooling below the Dogpler limit has been explained™='" by Cohen Tannoudji,
Dalibard, Solomon, Chu and others as due to polarization gradient cooling in a multilevel system
and the Sisyphus effect according to which a moving atom is mostly climbing a potential hill of a
nght B Do 2o biat ground state sublevel before being optically pumped to the other sublevel. With




polarization gradient cooling-Cs atoms have been cooled to 2:5 pK. Aspect, Cohen-Tannoudji and
their associates?®45 have also used a velocity selective process based-on coherent trapping of atomic
populations-into:a nonabsorbing coherent superposition of states to achieve transverse cooling of ‘He
atoms -in.the triplet metastable state to well below the usual 23 pK one dimensional Doppler cooling
1imit and=the 4-uX recoil limit down to about 2K.

The principal disadvantage of an atom trap is that the strong laser-fields that provide the trapping
also distort the-energy-levels-and resonance frequencies of the atoms. Usually this-makes it necessary
to<turn the trapping-lasers-off while the resonance is being studied with a consequent reduction in-
storage time. -One possibility for ‘increasing the effective storage time is to give the atoms a small
vertical-component of velocity so that they rise up and then fall under gravity, in some cases passing
through two coherent oscillatory fields® on the way up and down, as recently done successfully by
Chu® and his-associates with microwaves and as planned by others at laser frequencies. In the first
succesful fountain experiments the atoms were somewhat heated by giving them the small vertical
velocity,-but in the future the heating can probably be-avoided by slightly shifting the frequency of
the vertical cooling lasers so that the optical molasses will move vertically?>#%46, Chu® also plans to
increase the beam intensity for his experiments with an atom funnel based on dissipative optics. As
an:alternative to the fountain, Wieman? has suggested that the atoms can now be cooled to such low
temperatures that they can be stored in a:magnetic trap so weak that it does not significantly affect
‘the'spectrum.

With-the:impressive recent developments just discussed it is appercat th.. .here are many possibilities
both-forfuture improvements-of the-currently used time and frequency tandards and for totally new
staindards -based on trapped ions or atoms. The possibilities are st numerous that it is impossible to
predict which ones will be best. But with such promising new techniques already available and with
‘the prospect for further new ideas, the next few years in the field of atomic time should be exciting
and-productive.
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1.. Introduction

' In this. paper we present some key problems encountered in the classical
-microwave frequency standards which are still not solved today. The point of
view expressed here benefits from the experience gained both in the industry
and in- the research lab; on the following classical microwave frequency
standards: active and passive H, conventional and laser pumped Cs beam tube,

small conventional and laser pumped Rubidium.

The accent is put on the Rubidium standard, the other topics being covered in

the following papers. Table 1 presents a simple comparison among the microwave

-standards.
2. Conventional Rubidium Standards

Models for predicting signal, noise and linewidth are available [1]. However
only crude calculations exist concerning the output frequency [2]. The basis
of this calculation is a linearization of the equation of the isotopic filter
induced optical displacement Avop given in REF [2] and a linearization of the

equation for light absorption.

The light-shift AvL,S experienced by the first layer of atoms in the absorption

cell can be expressed with small changes from REF [2], as

AvLS = Io [1-K°(6-00)] Kx(e—eo) (1)




where 8 is the filter temperature
Io is the light intensity impinging on the filter
Ioll-Ké(G-eo)] the light intensity at the output of the filter and
" entering the Rubidium cell,
Kl a light shift parameter depending upon the spectral shape of the
pumping line and

eo the filter temperature for which the light shift goes to zero.

With the same meaning of the parameter.,, considering a mixture of isotopes in
the lamp and, for the integrated filter zpproachk a mixture of isotopes in the
cell, we have the general equation giving the frequency vs light intensity and

filter cell temperature:
_ T " toma (a0 + 1T vt (amn" + , +
v=v, Io 1 Ko (o 60) 1\1 (e 90) Io 1 Ko (e 80) Kl \G+eo) +

2
+ 9 m(e-eo) * ?m(e—eo) (2)

where:

v, is the unperturbed frequency (independent from the temperature and light
intensity)

the index - refers to Rb® isotope

the index + refers to Rb35 isotope

8 is the filter-cell temperature

6m and ¥, are respectively the linear and quadratic temperature dependence
given by the buffer gas mixture [2].

Eq (2) explicits the fact that the rbY gives, for normally used cell

temperatures > 65°C, a negative light shift; the Rb®> gives 2 positive light
shift which never goes to zero.
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The parabolic -behaviour given in -eq. (2) has -a minimum for a temperature 6 =

eriin given by

, m _
- - +
i I [e.K = (1-a,)K ]
0. -6 = — o 1t 1 3)
min -0 w- (k' :

2K [ K ] 27

o 1p.- ol ., ““m i )

Pp.~1 i E B T 1 Lt
i : Ko, Io[“in 1 cxi) K1]

where

I =1 +1°
‘0" o o
o & 1L,

f e - = .é‘-:
(U=a). = T/,

= oy = oy ‘,'!'
pp = e /U)K,

(4)

p; :represents the r‘-éti'o {absolute value) of the neégative to the positive light
shift, the index i meanifg that the ratio. is taken at the input of the
filter-cell.

Eq:. «(3) shows -that emin depends upon. the total light intensity Io -emitted by

:ih{éflamp—»if am and ‘aﬁm are different from zero.

The eq. (2) can be expressed in terms of a measurable output pai.meter, i.e.
light intensity I transmitted by the cell.

) e - 3 ~ (a.n"} - + +
v=v ocq_I K (e-0) + (- oco) 1K (e+eo) +

- 2
-9) -g7).
+ 8m ] eo,, . (2] 60) (5)
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Io I: 1 - :K:o (6-90) ] =1 (6)
I=1 +1
I = T
: 0=
L+ -
’I = (1-%6')2 I

‘The meaning of -index o is that we are referring to output parameters.

:Eq. (5) shows. that the frequency is a linear function of the total transmitted

light in agreement with experiments [2].

From eq. (5) by differentiating with respect to the transmitted light

dintensity I oné-obtains that 8v/3l = O for 6 = 8, <=0 given by:

. e e
Ls=0 - 9,9 = ——Pg T (7
oco K:
where P, = —— . (8)
(l-oco)K1
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p}o has the same meaning as Py but referred now to the transmitted total light

in:'gensity.

-For obtaining good standard performances

this relation can be realised by choosing the isotopic ratio in the lamp and

in- the cell and in addition the buffer gas mixture.

For one commercial Rubidium this occurs at a filter-cell temperature of 75°C
(25

The- model shows that the main limitation of the conventional Rubidium is that
teinperature coefficient and light shift compensation occurs only for a well

defined light intensity and well defined cell-filter temperature.

All' the parameters occuring in the previous equations are important for a
‘Rubidium drift model.

3. Laser Pumped Rubidium

From experiments in our laboratory, and using a laser power corresponding to

the "saturated" light shift [4] the following data are obtained:

a) The light shift vs the laser frequency is 5x10"'/MHz or a Rubidium

stability of 107 ™? requires a laser stability of 5x10"%t™"%

b)- The light-shift vs the laser power is: ~ 3x107%/%.

c) The laser locked to the Rubidium cell has a cell temperature induced
frequency shift of 9 MHz/°C [4].
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d) From ¢)- and a) the laser servo produce an additional cell temperature
coefficient of ~4.5x107°/°C.

‘¢) In the relevant Fourier frequency range (100 Hz - 1 kHz), the laser
intensity noise is > 10_6/\/sz while shot noise is < 10_7/\/Hz .

f): Aging of the laser parameters in single mode operation, locked to the Rb

-cell, is-commonly experienced.

In: view of points a) to f) it appears not a simple v...k to reach the predicted

performance (5] 0y(r—) = 3x10 V2,

However when all the previous problem will be solved we will certainly see the
realization of the .promise of the iaser pumping: a very small, low power and

‘high performance Rubidium standard.
4. Cs standards

As. a comment to the Table 1 we like to remark that the Cs standard has the
lowest intrinsic temperature coefficient, no significant drift and no
significant drift mechanism compared to the other standards. In addition,
recent advances in a microprocessor controlled electronics [6] have still
produced: r~emarkable improvements of the environmental characteristics. One
problem t., be solved is the aging of the signal due to the degradation of the
electron multiplier. This problem exists for high gain (~ 10°) and low noise
figure (~ 1 dB) multipliers. For low gain and high noise figure multipliers
the problems seem solved [7]. However in this case much higher atomic flux is
required for obtaining the same short term stability, i.e. the tube lifetime

is shortened.

The small optically pumped Cs is appealing. The demonstrated short term

-11_~1/2

stability is < 10 = [8]. The potential is: small size and light weight.

The problems to be solved: the laser frequency noise and laser aging.
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5. H-Maser

ERe:lativjely to the H-Maser we believe that the problem of the frequency drift
is still open. In this context, the cavity pulling has drawn a lot of
-attention. Today, to our knowledge, 4 different methods of automatic cavity
tuning are used for maser in the field: The SE tuning [9], the magnetic
relaxation tuning [10], the cavity frequency switching [11] and the auxiliary
-mode stabilization [12]. Many more have been proposed and tested [2]. As a
-conclusion we consider that the -long term maser frequency drift associated
with the cavity pulling is a well known subject due to the high level of
-precision obtainable in principle by these methods. On the contrary wall shift

drift is still very poorly known [13].

From our experience it appears -illusory to derive conclusions on wall shift
drift vs time a) for masers which are not in continuous operation, b) masers
‘which show a signal amplitude decay which is normally correlated with the line
Q decay, c¢) masers which suffer from magnetic relaxation requiring neck coil

-current trimming, in order to get the full power operation at a low C field of
< 1 mG.

‘Maser amplitude, iz Q and magnetic relaxation should be monitored in
addition to the cavity frequency for correct interpretation of the frequency
drift data.

As a conclusion wall shift and the associated wall relaxation is still the

main problem to be solved.
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TABLE 1. CLASSICAL p-WAVE STANDARDS: WHERE DO WE STAND?

Cesium (small)

Rubidium H
Lamp Laser magnetic  optical active

Short-term
stability ~10 17 12 ? 101" ¥2 3402 72 | 1075 (1000 s)
"S/N: 85dB ? 1000 20000 -
Q 107 107 2107 1107 >2:10°
Temp. 109K <10%/K <3-10"/K
coeff. th. gain: 100 th. gain: 10%-10°
Light-shift
coeff. 5-10"/% 10%4% -- - --
Magnetic
coeff. 210"/G <10'9G <10%/G
Long-term
stability 10""/month ? 3+10"?/Life
Life time |>5years ? 3:10years ? ?
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QUESTIONS AND ANSWERS

Dave Wineland, National Institute of Standards and Technology: Concorning the light shift
with:the lasers on the rubidium standard; what about chopping the laser light 1> get rid of the light
shift?

Mr. Thomann: Yes, of course that is a method that has already been proposed with normal Jamps.
¢t could more easily done with lasers because it is very easy to chop lasers, at *..st in principle. 1
don’t know of anybody that has tried that, but it is certainly worth trying. One problem is that we
have-to keep the laser frequency locked at the same time as we chop the intensity. This could be a
problem. Of course we don’t want to use involved choppers in commercial rubidium s’ andards which
are-traditionally the cheapest available, but there is a choice: we could make a laboratory standard
with-elaborate techniques, but for a commercial device one should keep with very simple techniques.
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THE STATUS OF CESIUM BEAM FREQUENCY
STANDARDS

Leonard S. Cutler
Hewlett-Packard Laboratories
Palo Alto, California

Abstract

There has been a lot of progress in cesium beam frequency standards in the lust few years some of which
will be reported here. Optical pumping is being pursued actively in a number of laboratories. Optically
slowed and cooled beams have been demonstrated as well as traps for cold neutral atoms. The microwave
cavity performance with regard to local phase shift-at the beam holes has been improved by use of carefully
desigried and built ring=structuies .~ the cavity ends. Work-is being done-on improvements in-electronics
withiigomq emphasis onuse of digital circuitry und microprocessors. The frequency pulling due to microwave
ANL = ZEILtransitions (Ramsey pulling) has been analyzed and shown to be important. Status of cesium
beam frequency standards insome of the luboratories as well as some of the commercial work will be discussed.
Since much of the laboratory work going on involves optical pumping and dctection, those items will get the
-most attention Fere.

INTRODUCTION

‘Cesium-beam frequency standards occupy an important place in today's technology partially because
the unit of time is presently defined by the hyperfine transition in the ground state of Cs;z3 and
also because, even though they are highly developed, there is still the potential for considerable
improvement in performance.

Factors important to performance include:

. second-order doppler shift
. cavity phase shifts, end-to-end and local distributed

. microwave power shift

1
2
3
4, -C field homogeneity
5. microwave excitation spectrum symmetry
6

. microwave leakage outside the cavity (running waves)

=

pulling by neighboring transitions (Rabi pulling)
8. pulling by AM = %1 transitions (Ramsey pulling)
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9. pulling by even-order modulation distortion
30. noise-at even harmonics of modulation frequency on flywheel oscillator

11. defects in: the electronic frequency lock servo

These.cannot be covered in detail in-this paper.

Most of tigé beam tubes up to the present have u.ed magnetic state separation and a hot wire ionizer
detector. The recent availability of diode lasers in the near IR and stabilization techniques have made
-optical pumping for state separation-and detection practical.

Optical pumping has a-number of advantages. Much better utilization of the beam can be achieved
leadingto-higher signal to noise ratio for the same cesium flux from the oven. This is due to the
velocity selectivity of the magnetic deflection systems. This same velocity selectivity makes correction
of the second order Doppler shift (relativistic correction) more uncertain in the magnetic deflection
‘tubes because the velocity distribution of the detected atoms is very dependent on the magnetic
field strengths and the-tube and magnetic field geometries. The second order Doppler shift is about
—1x 10713 for the usua’beam velocities involved-(around 140-m/sec) and is the largest offset outside
of that -due to the C field and perhaps cavity phase shift in well designed tubes. Since the second
order Doppler shift depends on velocity, the line shape will depend on the velocity distribution and will
-usually-be:asymmetric-leading to a-dependence on-the microwave modulation waveforn and amplitude
-as well: as:the microwave power hence good knowledge of the-velocity distribution is essential. One
other advantage of optical pumnping is the absence of strong magnetic deflection fields close to the C
field- region. This can-lead to more homogeneous C fields and consequently better accuracy.

The difference of magnetic momeants of the sublevels of the ground state leads to asymmetric population
distributions in the magnetic deflection case and consequently pulling from neighboring transitions-
(Rabi pulling). If AM = £1 transitions are present and the pupulations are asymmetric then Ramscy
pulling will occur. With optical pumping and detection, the distribution asymmetrics can be made
much smaller with consequent reduction in both Rabi and Ramsey pulling.

Finally, if optical cooling is used to obtain slow beams wie second ordei Doppler shift can be made
negligibly small since the shift is proportional to temperature and temperatures as low as . few
‘microdegrees Kelvin have already been achieved. In addition, slow beams reduce the Ramsey linewidth
and thus improve the -precision of the line center determination by the electronics. The reduced
linewidth also offers potential improvement in shurt werm frequency stability which cen be achieved
-only if the flywheel oscillator has low enough noi:. at even harmonics of the modulation frequency.

Tig. 1 shows a fountain experiment with very cold sudium atoms. The atoms in a beaw. are slowed and
then cooled in the “molasses™ formed by three intersecting laser beams tuned in frequenc, uelow the
resonance absorption of the sodium atoms. Tiie cold atoms are then trapped in a maguetic quadrupole
trap and-finally given a push with a laser pulse to go through the RF cavity. Ramsey linewidth of 2 Iz
has been achieved. A similar device would work with cesium. Fig. 2 shows a “funnel” formed from a
two dimensional magnetic quadrupole gencrated by the wire structure. This can provide a continuous
‘beam of cold atoms and thus be very useful for frequency standard work.

In the area of microwave cavity design, local distributed and end-to-end phase shifts are important. In
principle, end-to-end phase shift can be mezsured by beam reversal and many laboratory tubes have
this capability. For the mcasurement to be valid in the presence of local distributed phase shifts, the
forward and reverse beams must follow identical trajectories and this requires very careful design and




conistruction of the tube. Local distributed phase shifts are caused by the presence of running waves (a
non-vanishing Poynting vector) due to power being fed to losses. Andrea DeMarchi suggested a ring
cavity end shown in Fig. 3 that has vanishing Poynting vector by symmetry at the beam aperture.
Here the phase shift should vary as the square of the departure from the symmetry plane and have no
variation along it. This is in contrast to the linear variation with departure from the end short found
in-the usual structures . The symmetry of the ring is very important but it appears that frequency
shifts versus position in the beam aperture due to the local distributed phase shift can be kept down
to less than 5 x 10714 for a 3 mm x 3 mm beam with reasonable care in the fabrication. Fairly valid
ene-to-end phase shift measurement can then be obtained with thic type of structure for the cavity
ends. There are many other possible cavity designs based on this symmetry principle.

Pulling by AM = 11 transitions, Ramsey pulling, has been analyzed recently in detail (to be published
in_Journal of Applied Physics). The major part of the effect is fundamentally different from Rabi
pulling in which the tails of the adjacent AM = 0 transitions, which can be treated independently,
just cause a background slope at the center of the desired line and thus lead to a shift. Rabi pulling
can be greatly reduced either by detecting the third harmonic of the modulation signal instead of the
fundamental or by using other modulation schemes that allow the background slope to be determined.
The AM = 41 transitions adjacent to the desired 0,0 transition cannot be treated independently since
they always have one level in common with the 0,0 transition. They add a component to the transition
probability versus frequency of the 0,0 line that has the same periodicity as the normal Ramsey line
but has a phase shift. This causes the line center to be offset and cannot be corrected for by any of
the means that just detect background slope since the component has no average slope and cannot be
distinguished from the Ramsey line itself. If all the level populations are symmetric the effects cancel
just as in the Rabi pulling case mentioned above. Since AM = %1 transitions are caused by lack of
parallelism between the microwave magnetic field and the C field they can be reduced to insignificant
levels for reasonable size beams by careful design and construction of the cavity and C field structures.

Electronic defects such as modulation second harmonic distortion, synchronous detector and integrator
offsets, modulation signal leakage around the beam tube, microwave spectrum asymmetry, etc. can
be measured and corrected by proper design and construction. Low frequency square wave frequency
modulation is highly desirable from the even oruzr distortion standpoint. Digital techniques are of
great value in reducing many of the defects.

Noisc at even harmonics of the modulation frequency are heterodyned with the modulation signal and
its harmonics by the beam tube to give a noise signal in the beam tube output at the modulation
frequency. This cannot be distinguished from the real tube output and so represents a fundamental
limitation to the short term stability. The effect is essentially the same as the pulling due to even
order modulation distortion. Present high performance optically pumped laboratory standards are
now close to being limited in their performance by the noise performance of available high quality
quartz flywheel oscillators so this represents an area that will have to be addressed.

Irequency changes due to microwave power sensitivity can be reduced by power siabilization at the
optimum power level. Some causes of power sensitivity are end-to-end cavity phase shift, Rabi and
Ramsey pulling and, to a small extent, second order Doppler shift.

LABORATORY STANDARDS

Brief status reports are presented here for some of the laboratories around the world.




PTB- at Braunschweig, Germany has done fairly complete evaluations of their tubes, Cs1 and ('s2.
Theseboth have longitudinal C*fields and use hexapole-deflecting magnets. They are flop-out systems
and-as-a result suffer somewhat in short term stability. Both have excellent C field structures. Both
have beam reversal capability. The biggest-uncertainty reported is that due to-end-to-end phase shift,
the-determination of which is not very good because of the local distributed phase shift in the cavity
ends. The overall accuracy estimate is 2 X 10~ and the difference in their frequencies is 2.5 x 10~
which:-is-presently unexplained:. These standards have the lowest presently reported uncertainty and
represelit the state of the art for conventional cesium beam standards.

PTB has an experimental tube CSX in which DeMarchi Ring ends weie installed on a cavity. The
substantially reduced local distributed phase shift error expected was fairly well confirmed and the
microwave spectrum was excellent with no visible evidence of AM = +1 transitions.

NIST in Boulder, Colorado is working on an optically pumped standard, NIST-7. This uscd D2 (852
nm)-pumping and a cycling transition for detection in the initial experiments. Cavity length is 165
cm and DeMarchi ring ends are used with a longitudinal C field. Measured line width was 65 Hz in
good agreement with predictions. The tube microwave spectrum looked very good. It had some slight
asymmetry which is not unexpected with D2 pumping. The accuracy has not yet been determined but
the goal'is 1 x 1074, The tube is completely symmetric about the center of its length and thus should
be ideal for beam reversal. Tt will have capability for a number of different pumping schemes. The
laser used in the initial experiments has line narrowing produced by enhanced reflection at resonance
from an off-axis optical cavity. This is similar {0 one they developed jointly with the National Rescarch
Laboratory of Metrology in Japan.

The Paris Observatory is also working on an optically pumped beam tube but it is not yet to a working
stage. It is symmetric about the center of its length and will have capability for beam reversal. The

-Cfield*will be transverse generated by current carrying rods. The cavity is conventional with a length

0f-102 cm. Initial experiments will be done with D2 pumping. The staff there has done excellent work
on the theory of pumping and detection particularly on the Hanle effect and also experimental work
on stabilized lasers.

The Laboratoire de I'llorloge Atomique at Orsay is also working on optical pumping. Th~y have built
a tube, Cs III, which has been tested on both D1 and D2 pumping. It has a longitudinal C field and a
conventional cavity of length 21 cm with longitudinal microwave magnetic field at the ends. Because

‘of the curvature of the microwave magnetic field due to the mode shape close to the entrance and

exit holes in the cavity ends, there are very noticeable AM = X1 transitions in the tube microwave
spectrum. These have the expected shape of a Ramsey pattern with 180 degrees phase shift between
the excitations and linewidth corresponding to the length of the cavity ends. The linewidth of the 0,0
transition is about 500 Hz and demonstrated short term stability was 2 x 10~+~1/2 wijth both D2
and D1 pumping. Considering the short length of the tube, this is an excellent result at this stage of
development. The tube has provision for running the optical pumping and detection regions with a
magnetic field of several hundred mG to reduce the state trapping associated with the Hanle effect.
The microwave spectra with the exception of the AM = %1 transitions were excellent. The spectrum
with D2 pumping showed slight asymmetry while the D1 spectrum looked very symmetric as expected.
The group has also done excellent work on the theory of pumping and detection.

The Communications Research Laboratory (CRL) in Japan has built a conventional cesium standard.
It uses hexapole deflection magnets with a transverse C field and a conventional cavity with length 55
cm. The linewidth is about 100 Hz. Accuracy is presently estimated to be 1.1 x 10~13,
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The-National Research-Laboratory of Metrology in Japan has built an optically pumped tube using
D2 pumping. It -has a conventional cavity 96 cmin length with-a transverse C field. The accuracy is
estimated-to be 7-x 10~ and:short-term stability about 1 x 10~12r=1/2. They have done very good
work-on-lasers-some of:it-in collaboration with the:group=from NIST as mentioned above.

Ever: though the:Soviets have-primarily pursued hydrogen masers they have had a significant effort
in césinm beam standards. They presently have three standards, MTS1, MTS2, and MTS3. MTS3 is
currently undergoing evaluation. MTS1 and 3 use dipole optics and MTS2 uses hexapoles. The cavity
lengths in MTS1,.2, and 3 are:65, 100, and 194 cm respectively. Accuracy of all three standards is
estimated-at 1 x10~13 and short term stability is about 5x 10~127~1/2, They have done a lot of work
on°C fields-and power shifts. They are also-working on optical pumping but not much information is
available.

A lot-of exciting work is-going-on in cooling-and slowing-of atoms, most of it being done at NIST ia
Gaithersburz, Stanford-University, and the group-at Ecole Normale Superieure in France. Spectacular
results have been-achiced in cooling-cesium atoms to about 2.5 microdegrees Kelvin. Simple experi-
ments with:a sodium fountain.at Stanford (see Fig. 1) demonstrated a linewidth of 2 Hz. Linewidth
with=cesium in a:similar-apparatus-should be around 1 Hz. A very si.nple cesium cell apparatus with
two-diode-lasers at JILA: in Boulder;-Colorado has already demonstrated a linewidth of 8- Hz. Short
term:stability could be very good and second order doppler shift extremely small’ as mentioned in
the introduction. With-such low temperatures and-high densities, spin-exchange collisions -could be a
prdbjiemvzbut:thi'stiemains tobe seen.

‘COMMERCIAL WORK

Trequency-and Time Systems (FTS) just announced (Dec. 1990) a new cesium standard, model 4065,
‘thatzis-microprocessor controlled and has servo control of the microwave power and zeeman frequency.
It is-capable of being remotely controlled. An carlier standard is raodel 4040, with microprocessor
-demodulation and integration of the frequency servo signals and cont.ol over loop time constant and
-monitoring .of system parameters. It is-designed -for hands off operation. Another unit is model
4160;-militarized and optionally radiation hardened. It too features microprocessor control over some
functions. Typical specifications are: 7 x 10~2 accuracy at 25 degrees C and 5 x 107"'7~1/2 short
‘termsstability. An-8 year warranted tube is now avaiiable.

TFrequency Electronics-Inc. (FEI)-has designed a new tube with a good microwave spectrum (see Fig.
4).. The AM = X1 transitions are just visible. No other information is available at this time.

Kernco is developing a GPS block IIR satellite cesium standard that is very small, radiation hardened,
and -has:a 7.5-year warranted life (18 year design) for the beam tube. Specifications include:

weight 19.5 Ib
input power <25 watts
size 475”7 x 5.25" x 16.5"”

Short term stability 3x 10~M7-1/2 45 x 10~

NTT has an cptically pumped cesium tube under develcpment. It has a cavity lengtii of 21 cm and
uses D2 pumping. No details were given on cavity or C field design. The tube includes two ovens which
-can be operate simultancously with a detection scheme that allows determination of cavity phase shift
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during operation. Short term stability is estimated to be 9 x 10~137~1/2, No estimate of accuracy was
given.

Hewlett-Packard has a new cesium tube in development. It has been optimized by using an accurate
ray tracing program and particular attention was paid to reducing AM = 11 transitions. It has much
better performance in this respect than the high performance tube presently supplied by Hewlett-
Packard and equal or better performance in all other respects. The microwave spectrum is shown in
Fig. 5.

SUMMARY AND OCUTLOOK

Status at the present time for a number of laboratory and commercial standards as well as some of the
work leading to the next genera “on has been presented. Good progress is being made and prospects
for the future are bright. Several areas that need emphasis have been pointed out. The present status
and-future outlook in this writer’s conservative view are given in Table 1.
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STATE OF THE ART AND FUTURE DIRECTIONS FOR THE
ATOMIC HYDROGEN MASER

Robert F.C.Vessot
Smithsonian Astrophysical Observatory, Cambridge Massachusetts

ABSTRACT

The present status of technology development for atomic hydrogen masers (H-
‘masers):is reviewed. The limitations to frequency stability and accuracy are discussed
with emphasis-on the problems associated with cavity resonator instability and the lack
of reproducibility and stability of the storage volume wall coating frequency shift. New
types of coatings developed in the Soviet Union and better, cav1ty resonator materials,
-are expected to-make possible frequency at the 10716 Jevel at 10* sec. Better control of
systematic effects should extend the long-term stability to levels better than- 10715 for
intervals beyond one day. Present use of H-masers as flywheel oscillators in timekeep-
ing systems is-discussed as is the cutlook for-the future cryogenic and room tempera-
nire H-masers as flywheel oscillators to operate very high resolution frequency discrim-
1inators based on the newly evolving technology of trapped and cooled ions and atoms.

1. INTRODUCTION

~ Itis now 30 years since the-invention of the atomic hydrogen maser! by D. Kleppner and N.
F. Ramsey and its technology has matured in several different directions aimed toward a variety of
uses and technical requirements.

“The principal applications of the H-maser derive from its excellent short term stability. Since
the:mid 1960s H-masers have been used in widely separated radio telescopes for very long baseline
interferometry (VLBI) to control local oscillators and provide timing for data recording. Signals
recorded-from radio sources are later brought together for correlation to obtain extremely precise an-
gular information of their brightness distributions.

H-masers are now almost exclusively used for tracking spacecraft. Range information is ob-
tained by measuring the time delay of time-coded signals. Range-rate information is obtained by
measuring the Doppler shifts of transponded signals. Angle information is derived using the VLBI
technique, where simultaneous measurement of spacecraft signals are made at two or more widely
separated tracking stations.

Since the H-maser can provide frequency stability at better than 1 part in 10% over intervals of
several days, during the past decade it has proven itself as a flywheel oscillator in timekeeping appli-
cations. With the advent of the United States’ Global Positioning System and the Soviet Union’s
GLONASS system, a highly precise local time scale can be kept by operating H-maser oscillators as
clocks and applying occasional time and frequency corrections from observations of GPS and
GLONASS space clocks using the “common-view” technique.
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The Soviet Union operates more than a hundred of H-masers as working time and frequency
standards in timing centers that serve their vast territories; these clocks are kept synchronized and

-syntonized by a variety of techniques.

Since this paper is intended to discuss the state of the art it is appropriate to define the nature
of the art. The plan of this paper is first to look at the art of obtaining the very best frequency stability
over intervals up to about 10 seconds, how to cope with the systematic effects that impair maser long
term stabili‘y, followed by a brief description of the technologies now in use for operating H-masers
and, lastly, to offer a view of the future for H-Masers.

2. THE HYDROGEN MASER OSCILLATOR

The H-Maser is an oscillator powered by quantum transitions between two energy levels in
the hyperfine structure of atomic hydrogen. At room temperature the population of hydrogen atoms is
nearly evenly distributed among four magnetic hyperfine levels designated by F=1, mg=1, 0,1 and
F=0, mp=0. These energy levels depend on the relative orientations of the magnetic dipoles associ-
ated with the proton and the electron when the atom is in a magnetic field.

In the upper energy level, designated by F=1, the angular momenta of the proton and electron
are cligned and added; their magnetic dipoles are also aligned. In this state the total angular momen-
tum can orient itself with a magnetic field in three different directions and the F=1 energy level splits

into three components. The F=0 energy level results from the alignment of protons and electrons that

cancel tueir total angular momentum and their magnetic dipoles oppose each other. The energy levels
of atomic hydrogen are shown in the upper part of Figure 1.

Figure 1 also shows a schematic diagram of the H-Maser oscillator. Molecular hydrogen at a

-pressure of about 0.1 Torr is dissociated by an r.f. plasma discharge and collimated into a beam.

Atoms in two of the upper magnetic hyperfine energy levels (F=1, mg= 1, and 0) are selected by
passing through a highly inhomogeneous magnetic field generated by a multipole permanent magnet
which causes them to move toward the weak field near the axis of the magnet, These atoms are fo-
cussed into a storage bulb located in a resonant cavity tuned at the atomic hyperfine frequency. The
storage volume confines the atoms to a region where the oscillating magnetic field is in the same
phase. Generally , a TE(;1-mode resonator is used, as shown in Figure 1.

As the atoms proceed from the multipole magnet into the cavity bulb region, the magnetic field
they encounter field changes from about 9KGauss radially in the magnet to about one Gauss along the
axis of the beam. In this “drift region,” the atoms remain in the F=1, mg=1, and 0 state and will be
kept in these states as they proceed along the drift region if the magnetic field they encounter is re-
duced to the level of the field in the resonator without sudden interruption or change of direction.

The all-important feature of the H-Maser is the surface coating that enables its operation as an
oscillator with a narrow resonance linewidth, or high line Q. This is achieved by storing the atoms
without appreciable loss of phase coherence from collisions with the wall surfaces or among each
other. At room temperature the atoms travel at about 2.5 km/sec, and in a typical two liter storage
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vessel, whose collimator provides 2 one second storage time, a typical atom undergoes 10° collisions
‘before leaving the vessel

The frequency of the F=1, mg =0 to F— 0, mg =0 transition that powers the oscillator depends
onthe static magnetic field as Af= 2751 B2 (where B is in Gauss). To avoid frequency shifts from
changes of magnetic field, H- Masers are operated at low magnetic fields, usually of about 1 milli-
gauss. To maintain these low fields and to provide a spatially uniform field, with variation at the mi-
crogauss-level throughout the bulb, magnetic shields are placed about the resonator to attenuate the
ouiside ambient field, and a solenoid is placed within the innermost shield to provide a uniform and
controllable field.

The line Q of the H-maser is defined as Q= nf/y, where £, is the oscillation frequency and
v, is the total rate of loss of phase of the atoms’ oscillating dipole moment with respect to the phase of
the signal in the resonator. The parameter ¥, includes loss of phase coherence by escape from the bulb
and from recombination to form molecules, also loss of phase coherence from wall collisions, mag-
netic inhomogeneties and interatomic collisions. Maser oscillation is sustained when the energy re-
leased by the incoming atoms resulting from stimulated emission by the microwave fields in the res-
‘onator exceeds the energy lost by the resonator. The energy lost includes the the signal delivered to
the receiver.

The state of the art of microwave receiving systems for H-masers is an important topic that
will require a separate discussion outside the context of this paper.

2.1 FUNDAMENTAL LIMITS OF FREQUENCY STABILITY

The fundamental stability limit for the H-Maser is the same as for other oscillators.2
Following Kleppner and Ramsey in reference 1, it is given as

1 [KT ,
o0 =5 A / P 1)

where 0y(T) is the Allan standard deviation of the fundamental limits to frequency stability
over time mtervals, 7. Qis the quality factor of the oscillating system operating at a power level, P,
k is Boltzmann's constant, and T is the absolute temperature,

From this expression we see that to obtain the best stability we want high oscillation power
and high values of line Q. However these are incompatible situations since high power implies high
levels of atomic flux and, consequently, high levels of interatomic collisions.

The power levels normally generated in H-Maser oscillators are low, rarely more than -90
dBm, and the signal-to-noise ratio of the equipment that receives the maser signal has a very signifi-
cant effect on the maser’s short-term stability (T < 100 sec.). The effect of the added noise on the
Allan standard deviations is3
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Here F and B are the receiving system noise figure and bandwidth, P as before, is the oscilla-
tor powerand  is the cavity resonator coupling factor that determines the power delivered to the re-
-ceiver.

Thermal noise, kT, appears in equation 1 as the noise power within the linewidth of the oscil-
lator and in equation 2 as the effective noise, FkT, within the bandwidth B of the receiver system. In
both cases there are advantages to operating a maser at low temperatures.

The maser oscilla'tor’s power variation with beam flux is determined by the design of the maser and
can be characterized by a quantity q, which depends on the following maser parameter

i o v & Yo L Lot 3
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Here h is Planck’s constant, |, is the Bohr magneton, 6(T) is the hydrogen atom’s spin-ex-
change collisional cross section, v(T) is the average relative velocity of atoms, y; is the rate of loss of
phase coherence from the loss of atoms, Y is the rate of loss of phase coherence from all causes, in-
cluding loss of atoms but excluding the effect of interatomic collisions, and Vc/Vb is the ratio to cav-
ity to storage bulb volume, 7 is the “filling factor”, the ratio of the average axial component of the r.f.
magnetic field squared to the square of the r.f. magnetic field averaged throughout the cavity. The
quantity Iwml refers to the rate at which the total number of atoms enter the bulb and 1 is the rate at
which atoms in the desired F=1, mg= 0 state enter the bulb.

q:

Plots of the normalized output power to beam flux are shown in Figure 2, from reference 4,
for various values of q. Note that it is possible to stop oscillation by having too many atoms, that
smaller values of q provide higher power for a given flux, and that for g > 0.172, the maser will not
oscillate.

3. SYSTEMATIC EFFECTS

Figure 3 shows how the Allan standard deviation representing the frequency stability of the
H-Maser follows the behavior predlcted by the combination of equations 1 and 2 up to a point where
systematic effects intrude on the maser’s behavior, in this case for intervals beyond 10* seconds. The
most serious systematic effect is the “pulling” of the oscillation frequency by the mistuning of the
cavity resonator. The frequency of oscillation of the aggregate of atoms stored in the maser storage
volume includes systematic frequency shifts induced by interatomic collisions and the loss of phase
coherence is proportional to these collisional shifts.> Another systematic frequency shift that is re-
lated to the inter-atomic collision rate is the magnetic inhomogeneity (MI) frequency shift that occurs
when the following conditions pertain. 1) When there is an asymmetry in the population of the F=0,
mg = +1 and -1 magnetic hypefine sub-levels of the atoms entering the bulb and 2) when there exits a
magnetic field inhomogeneity over the volume of the bulb and 3) when there exists an asymmetry in
the distribution of r.f. magnetic fields over the volume of the bulb. Since the inhomogeneity and
symmetry requirements, 2 and 3 above, are difficult to fulfill, the MI shift is present in nearly all H-
Masers with magnetic state selectors that focus atoms in both the F=1,mg=1 and mg= 0 states.
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The least well undetstood systematic frequency shift in the atomic hydrogen maser is the ef-
fect-of collisions with the surfaces-of the- storage volume wall, known as the “wall shift”. Many
questions:s still remain unresolved resolved-about the nature of the collision processes. These include
the:collision interaction energy, its-effect on the advance or retardation of the phase of oscillating
dipole moment of-the atom and the amount of its phase decorrelation. Surface smoothness, which
détermines:the collision rate, depends on how the coating is applied. The variability of the wall shift
from maser to maser is the chief obstacle to achieving frequency accuracy.

Little work on surfaces has been done in Western countries since FEP-120 Teflon was
adopted in-the mid-1960’s. The most significant advance since then has been made in the Soviet
Union by-Demidov-et al.,8 who report substantial improvement in the reduction of the wall shift by
using a new fluoroplastic that they designate as F-10. The eight-to-ten times smaller wallshift of F-10
that, in part, results from its highly-superior surface smoothness, allows a correspondingly smaller
variability.in the wall shift.

) The:question of long-term frequency stability of the wall shift, as yet, is not resolved.
“Considerable insight about the present status of this question will be gained by reading the report on
the:session on-wall coatings that appears in these proceedings.

For a more thorough discussion on systematic frequency shifts please see the paper on the
physics of such shifts by E. M. Mattison’ in these proceedings.

3.1 CAVITY RESONATOR MISTUNING
The-shift in the output frequency Af, from cavity mistuning is given by
Af, = Afg Q/Q; €)

where Afy, is the resonator’s frequency offset from the atomic oscillation frequency. We note that the
penalty for reducmg q by raising Q. is to make the maser more subject to cavny pulling. Typically,
Q. is about 5 X 10* and Q;is about 2.5 x 10°, so that Afc = Afg x2x 107, For fractional frequency
stability at a level of 1 partin 105 we require Afg to be kept within 0.07 Hz For frequency stability
at this level, without active frequency control by a servo system, we require good control of the res-
onator’s temperature, and a cavity material with a very low coefficient of thermal expansion, along
with excellent mechanical stability. In terms of cavity dimensions for a typical TE);;-mode resonator,
whose axlal tuning rate is about 10 MHz/cm, the axial dimension must be kept constant to less than
7x 10 cm. This is about the diameter of a hydrogen atom! If we assume that we can control
temperature at a level of 2 X 107 °C we require a linear temperature coefficient smaller than 5 x 10
OC. Materials such as Zerodur,8 Cer-Vit,? and ULE!0 are available that have comparable values of
thermal coefficients!! but this is not the whole story. There is also the temperature coefficient of the
dielectric constant of the storage bulb, which also causes a frequency shift. The resonator s
frequency is affected by everything with which it can interact. This includes the storage bulb within
the resonator, all the electronics coupled to the resonator, including the resonator tuning system, and
the circuits that couple power to the receiving system.
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“There is no all-purpose, optimum technique for coping with the resonator frequency drift.
When:predictability of the frequency drift is important, H- masers designed with the best available
materials and techniques for passive stability have been satisfactory. The ageing of Cer-Vit and the
other-glass-ceramic materials is very predictable, once the initial settling-in of the resonator end covers
to their cylinder has taken place, a process that requires some three to six months.!?2 To control the
effect of cavity pulling there are limits to how far we can increase the value of Qj, because of the re-
sulting decrease in the available output power and the loss of short-term stability. It is clear that some
form control, or of monitoring, of the resonance frequency of the cavity is desirable for long term
frequency stability of masers. Three types of active servo techniques have been used.

-

1. By line Q modulation and searching for a tuning condition, such that Af, is zero.13,14

2. By cavity resonance frequency modulation and adjusting the resonator, such that the out-
put signal amplitude is optimized.15

3. By introducing signals into the cavity at frequencies away from the oscillation frequency
and near the inflection points of the resonator’s frequency response.16 The relative levels of
the signals that are sent through the cavity are compared and kept fixed by adjusting the center
frequency of the cavity.

Line Q modulation requires a frequency reference with stability comparable to that of the
maser being tuned during the period of modulation. Ideally, another maser is employed for this pur-
pose. There are usually sidebands at the modulation frequency in the output signal. This method
produces a signal whose fiequency depends on the atomic resonance including wall collision shifts.
The H-H collisional shifts are cancelled by an offset in the resonator frequency because they are pro-
portional to the collisional line broadening.

Cavity resonance frequency modulation makes possible a H-maser with good stand-alone
qualities of frequency stability. As in system No. 1, the modulation signal will be present in the out-
put signal unless some form of compensation is employed. This method adjusts the resonator to the
atomic resonance frequency including the wall shift and the H-H collisional shift, which can vary
with beam flux .

The last technique mentioned above has been used successfully in masers having very small
cavity resonator-storage bulb combinations that have been designed using dielectric loading methods
or the lumped capacitor loading.1? Since using this type of resonator often requires external elec-
tronic gain to raise the resonator’s quaiity factor and, under these conditions, the resonator frequency
is further subject to the phase stability of the Q enhancing amplifier.

Injecting the probing signals requires scrupulous avoidance of any additional noise or signal at
the maser’s oscillating frequency to avoid pulling the frequency of the maser oscillation. This method
maintains the resonator at some pre-assigned frequency. Beam flux variations will cause changes in
output frequency depending on how the resonator frequency is related to the atomic oscillation fre-
quency.
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3.2 MAGNETIC FREQUENCY SHIFTS

‘Systematic frequency shifts from changes in ambient magnetic field result from two different
—phys1ca1 processes, 1) a change-in the internal magnetic field in the storage volume causing changes
in-Af, =2751 Blmz and 2) a change in the MI frequency shift, 8(Afyy), resulting from time varia-
tions in the spatial uniformity of B,,,, time variations'in the hydrogen density in the bulb, and time
variation-in the state distribution of atoms entering the bulb.

The first processes results from having finite magnetic shielding capability. Well annealed ar-
rays of hlgh quality shielding matenal can achieve shielding factors, S = 8Bgy/0Bjp as high as 10°,
If we assume a value forS of 5x 10%, and operate with By ata level of 5 x 10" Gauss we have that

8(Afm) 5502 ., OB .
(f . Bin B = 4% 107 Byy,. )

Given that variation in Bex: can-be confined to 0. 015-Gauss (or a few percent of the earth’s
ambient field) we.can expect systematic fractional frequency variations of about 6 x 10716, 1tis clear
that- more layers of magnetic shielding can be added, or that a magnetic field compenisation servo sys-
tem can be-used, if more severe conditions are encountered.

The second physical process causing magnetically induced frequency shifts is far less straight-
forward than the process described above. It depends on the inequality of the population difference-in
the’F=1, mp=+1 and -1 states entering the bulb, the asymmetry of the RF magnetic fields in the stor-
age volume, and the DC magnetic gradient in the storage volume. Under conditions where these
populations are not equal-and with the almost inevitable lack of RF symmetry and field uniformity in
today’s equipment, the the output frequency of the maser will vary with beam flux. This causes
problems with the flux tuning process described in equation (3), where the frequency shift owing to
spin-exchange collisions is assumed to be strictly proportional to the atomic density. (Even in cases
where there is no Afygy the cavity resonance is still offset in frequency by the amount required to
compensate for the spin exchange collision frequency shift, which is proportional to the atomic den-
sity.) The stability of the magnetic inhomogeneity shift, Afys;, will depend on the constancy of the
state distribution of atoms and on the interatomic collision rate.

Removal of the MI shift can be done by providing a beam of atoms exclusively in the desired
F=1, mp=0 state or by equalizing the population of atoms in the F=1 mg=+1 and -1 states. The state
distribution of atoms entering the storage volume can be equalized by changing the direction of the
axial magnetic field in an alternating manner in the drift region downstream from the state selecting
magnet shown in Figure 1. When this field is in the same direction as the field in the bulb, the beam
proceeds in the normal states. When the drift region field is inverted under proper conditions, the
F=1 states can be inverted. The mg = +1 population then appears in the mg = -1 state. By alternat-
ing the direction of the drift region field the average population of the mg = +1 and -1 can be equal-
ized. This technique is used in the Soviet Ch1-75 H-maser.
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A more effective, but more complicated method to provide a beam of atoms nearly exclusively
in the F=1, mg = 0 state is discussed in section 4.2 of this paper. Using this system the entire popu-
lation of atoms will generate signal power with one half the rate of interatomic collisions and provide
an improvement in the line Q.

3.3 WALL COLLISION FREQUENCY SHIFTS

The most fundamental problem today with the H-maser is the lack of reproducibility and time
stability of the wall coating frequency shift. The wall shift is the principal source of maser frequency
inaccuracy. Since the wallshift is proportional to the wall collision rate multiplied by the phase shift
per collision, ideal coatings should be as smooth as possible and of a material capable of producing
the smaliest possible phase shift per collision. The original masers built in 1960-1962 used coatings
of dimethyl-dichloro-silane (dri-film). In about 1962 Teflon was founc to be far superior to dri-film
and Teflon has been used since that time.

Coatings of PTFE (poly-tetra-fluoro-ethylene), a long-chain fluorocarbon with a high melting
point were originally used: These coatings are difficult to apply and are rarely used today. Whena
PTFE coating is slowly cooled after melting it crystallizes and has a wallshift with a small temperature
coefficient. On the other hand, when it the coating is rapidly cooled after melting, it has a larger wall-
shift and a larger dependence with temperature. It has zero wallshift at about 82 degrees C.18 PTFE
has rarely been used since 1965.

FEP fluorinated-ethylene-propylene, a branched fluorocarbon with lower melting point than
PTEFE is far easier to apply that PTFE, and to date, has been the most widely used coating in masers
made in the US and Europe.

A far superior coating called “Fluoroplastic F-10” has been developed in the Soviet Union
specifically for H-masers.!9 It melts at a lower temperature than PTFE, flows evenly over the surface
and has 8 to 10 times lower wallshift than PTFE and FEP Teflon. This new material should
substantially improve the accuracy capability of H-masers.

4. A SUMMARY OF TECHNOLOGIES USED IN TODAY’S
HYDROGEN MASERS

4.1 HYDROGEN MASER RESONATORS

The most often used resonator operates in the TEq;; mode. Without appreciable dielectric
loading by the bulb, the resonator’s typical dimensions are of a cylinder 28 cm dia. x 28 cm long.
This allows use of storage bulbs of 2 to 3 liter capacity. Smaller resonators have beun made using
dielectric loading. These resonators suffer large variations of resonance frequency with temperature
owing to the thermal coefficients of dielectric constant of the loading material and require more stren-
uous autotuning or thermal contro! than unloaded resonators.
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Resonators with smaller dimensions, using lumped capacitance loading to reduce dimensions,
are:used-in passive H-masers and regenerated-Q H-masers. This resonator is in use in the Soviet
Ch1-76 H-maser, in some masers built by the Sigma-Tau Standards Corporation (where the idea
_ originated) and in the small regenerated-Q spaceborne masers developed at the Hughes Corporation.

Stabilization of the resonator can be done either by passive means, using materials of high
mechanical stability and with very low coefficients of thermal expansion, or by active means, dis-
cussed in-3.1. Rough tuning of the resonators is usually done with a mechanical device that in some
way slightly alters the internal configuration of the resonators r.f fields. Fine tuning (over a range of
afew tens:of Kilohertz) is usually done with a varactor coupled to the resonator either directly, as part
of-a coupling loop or probe, or via a transmission line.

4.2 ATOMIC HYDROGEN STATE SELECTION

The H-maser uses traditional molecular beams techniques with multipole magnets to concen-
trate atoms in the desired quantum states into a beam-aimed into the collimator of the storage volume.
Four-pole magnets and six-pole magnets are commonly used. Small diameter four-pole magnets are
more efficient in-their use of hydrogen than six-pole magnets. Six-pole magnets have focussing
properties analogous to optical lenses and can be used to focus a specific range of velocities from the
modified- Maxwell distribution of velocities of atoms emerging from the source to form a real “image”
-of the-source aperture. While the narrowness of the velccity distribution can be less efficient of hy-
drogen use, these magnets are-useful for operating a state selector that provides a beam of atoms
wholly in the desircd F=1, mg =0 statc.

A method to provide a beam of atoms nearly exclusively in the F=1, mg = 0 state is shown in
Figure 4.20 Here, the first magnet, in the usual way, focusses a beam into a second magnet of twice
the length that, in turn, refocusses the beam as an image of the source aperture at “stop 2” in the
figure. An-Adiabatic Fast Passage (AFP) radiofrequency transition is made in the space between the
magnets to invert the population. Only atoms in the the F=1, mg = 0 states continue through the
‘magnet and on to the bulb.

4.3 MAGNETIC SHIELDS AND FIELD CONTROL

The multilayer magnetic shields in use today appear to be adequate for controlling both the
level of magnetic fields and their gradients in the storage volume of H-masers. Systematic frequency
shifts resulting from the magnetic conditions in “normal” environments, with variations of a few mil-
1iGauss, appear, for the present, to be well enough controlled in most masers. However, as progress
continues in the control of other systematic effects other than of magnetic origin, better shielding will
be required. A typical example of the shielding factor is S = AH,,,/AH;,, = 107 for 0.5 Gauss ex-
ternal variations in AH,,, . A wider range of cancellation of external magnetic field variations can be
achieved with active servo methods by sensing the external field and applying a compensating field.
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The control of internal magnetic gradients by multi-section coils so far has proved adequate
Simple degaussing techniques using currents at powerline reguencies to remove remanent ficids in
‘the‘magnetic shields have also been adequate.

Uses of superconducting materials for magnetic shields operated at low temperatures and for
conductive coatings of-cavity reonators are being considered. The combination of these functions is
avery tempting prospect particularly if room temperature, or even low temperature, superconductors
‘become available. Superconducting shields are eminently useful and appropriate for H-masers
‘operating at very low temperatures.

4.4 HYDROGEN SUPPLY, PURIFICATION AND CONTROL

Two types of hydregen supply systems are presently in use, high pressure gas botile
systems and low pressure sources operating by heating some form of metallic hydride such as Li Al
Hy-to release hydrogen. These systems require control of the flow and purification of Hz before it
proceeds to the dissociator. Both regulation of flow and purification are achieved by passing the Hy
through heated metal tubes, plugs, or diaphragms depending on the pressure of the supply.

Gas bottles can be easily vented and refilled to comply with airline transport regulations and
are-a simple, reliable, low-tech devices requiring only a pressure gauge to give a measure of the gas
available.

Metallic hydrides are light in weight, small in volume, do not require a pressure vessel and are
thus-ideal for spacecraft operation. A metal hydride system is used in the Soviet Ch1-75 H-maser
system along with a self-heated thin walled nickel tube for flow control and purification of Hy.

4.5 DISSOCIATORS TO PRODUCE ATOMIC HYDROGEN

In H-masers the dissociation of molecular hydrogen is done by r.f. plasma excitation. The
ideal choice of surfaces for the dissociator is one that will not adsorb hydrogen on its surface so as to
allow recombination with incoming colliding atoms. Surfaces of glasses that are free of metal oxides
and of pure fused silica appear to be the best.

Excitation of the plasma is done by exposure to r.f. fields, either by eiectrodes that produce
predominantly electric fields, or by a coil that produces induced displacement-current fields. The lat-
ter method causes less erosion of the glass since it is essentially an electrodeless discharge, but re-
quires a means for starting the discharge such as a spark coil or a2 miniscule amount of radioactive “c¢”
particle emitter as a “keep alive™ to provide ionization to initiate the plasma discharge. The plasmain
the glassware presents a variable impedance to the excitation circuit that depends on the hydrogen
pressure. This variability can cause difficulties in matching the r.f. power to the plasma. Single
transistor oscillator circuits are coramonly used, where the glass or quatrz cell containing the plasma
is included in the resonant circuit. In these circuits the resonant frequency adjusts itself to changes in
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the reactance of the cell when the plasma is started and as the hydrogen pressure is varied. These de-
vices:are simple and cheap, but often temperamental and difficult to stabilize.

External r.f. power sources-with a wide band match to the plasma cell are less power efficieat,
but more predictable. Another advantage is that external power sources can be operated at known and
fixed:frequencies-well away from frequencies whose harmonics, if leaked into the maser receiver,
could cause problems. The capability of monitoring of incident and reflected power to the plasma is
another useful feature.

4.6 VACUUM SYSTEMS AND HYDROGEN SCAVENGING

The use of the ion pump was probably the most sigrificant departure in the evoluticn of the
H-maser from the experimerital Iaboratory environment to the marketplace. Ion pumps are still widely
-used-and some have:been specifically designed for pumping hydrogen. For pumping hydrogen the
situation is.different:from.the normal ion-pump process where a hail of sputtered cathode material
particles bury adsorbed gas molecules on surfaces-in the pump. Since hydrogen is readily assimilated
by the titaniim cathodes, in principle there is-no need-for ionic bombardment and sputtering.
However this process-is substantially assisted by the scrubbing of the cathodes by the impacting of
‘hydrogen:-ions. Other species of ions, being-heavier, cause the usuzl pumping by sputtering and
‘burial-of gases.

‘Early-ion pumps used in H-masers had cathodes in the form of plates that were attached at
-their comers and were subject to bending inward and short circuiting to the anodes as the engorged
‘hydrogen warped the plates. This problem was easily cured by adding extra supports to the cathodes.
The principal mode of failure if jon pumps in H-masers is related to local stress caused by hydrogen
1in titanium cathodes.2! The stress causes spalling and flaking with momentary arcing and eventual
short-circuiting. Methods for mproving the lifetime of operation include annealing of the plates at
‘high temperatures under high vacuum ard the selection of high purity titanium.

The use of sorption technology to scavenge hydrogen in H-masers began in 1973 in an effort
to reduce the weight of a maser for a space experiment to measure the gravitational redshift,22
‘Because sorption cartridges will pump hydrogen almost exclusively at room temperatures the addition
of a small ion pump was found to be necessary to pump other gases. This ion pump, which is usu-
al"v operated at a lower than normal voltage to mimize hydrogen ion bombardment of its cathode,
serves to dissociate hydrocarbon gases allowing the freed hydrogen to be pumped by sorption. With
sufficient voltage it will operate at an acceptable speed to cope with argon, nitrogen, oxygen etc.

Sorption systems, with an ion pump backup are used in the Soviet Ch1-75 and Ch1-76 H-
masers,23 in the regenerated Q space masers developed at Hughes, and in the Smithsonian
4 strophysical Observatory’s VLG-12 masers operating with the AFP single state selector. Because
of the sensitivity of sorption systems to contamination, use of ail-metal seals is recommended in place
of elastomer seals.




Sorption cartridges that have reached their pumping capacity can repeatedly be reactivated by
applying power to their internal heaters and pumping away the evolved hydrogen. The activation
temperatures are high, near 700° C, and provision must be made to prevent damage to other nearby
systems during activation. Because this process does not require dissassembly of the maser. t*~te is
little liklihood of contamination of the maser’s storage volume wall coating during activation.

Precautions are taken in maser vacuum systems to avoid materials with ferromagnetic proper-
ties for structures within the innermost magnetic shield. Titanium, copper, aluminium and carefully
selected silicon bronze are some of the materials used inside the magnetic shields. Outside of the
magnetically sensitive regions, vacuum manifolds are usually made of stainless steel, often with cop-
per Con-Flat seals. Indium seals have been successfully used in conjunction with components made
of softer metals such as copper and aluminium.

5. A LOOK TOWARD THE FUTURE OF ATOMIC HYDROGEN
MASERS

Atomic hydrogen masers are principally used as ﬂywheel oscillators with outstandingly good
short term frequency stability that reaches levels deep in the 10~ ~16 domain over time intervals between
1 and 1() seconds. Today, on average, the accuracy of frequency reproduction of masers is about
5x10714 and it is clear that H-masers do not compete with cesium beam devices as a primary stan-
dards.

The advent of trapped atoms and ions cooled by laser interactions has led to possibilities for
frequency discriminators capable of extremely high resolution. These devices will require oscillators
having very high frequency stability and capable of prcducing signals with frequency spectral densi-
ties commensurate with, or narrower than, the linewidths of the new discriminators. It is likely that
H-masers will be used to supply these signals in future primary frequency standards.

H-masers will continue to be used in applications where the best possible stability is required
for intervals beteen 1 second and 10° seconds. The limitations imposed by systematic effects that be-
come evident beyond 10%seconds are now better understood and, as better wall coatings surfaces
such as of the Sov1et ‘Fluoroplastic F- 10" material are used, the fundamental hmltatxons to frequency
stablhty and w.” be improved. Frequency stability at the level of one part in 101 should be attainable
in the near future with the best presently available coatings. Further improvement beyond this level
should result with even better wall coatings.

The most recent breakthrough in H-maser technology was made in 1986 by operating H-
masers at temperatures near 0.5 X using storage volume surfaces of superfluid helium-4.
Researchers at the Ma.sachusetts Institute of Technology,24 the University of British Columbia,25
and at Harvard University26 all succeeded in achieving sustained oscillation. These research groups
all used very different experimental configurations of cryogenic H-masers,
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Cryogenic apparatus for operating apparatus at temperatures near 0.5 K is no longer consid-
-erediexotic.. The use of continuously operated “He recirculating refrigerators or of dilution refrigera-
tors for operating H-masers is definitely within today’s state of the art.

The:limits to the stability of cryogenic H-masers still have to be measured. New theoretical
quantum mechanical analyses of H-H collisions have been made that predict limitations due to previ-
ously unknown processes:related-only to-the storage time of atoms in the maser.2” Research is now
in-progress-to measure the properties of low temperature hydrogen collisional interactions with hy-
drogen and helium to test the new theory.

Figure 5 shows the layout of the cryogenic H-maser mentioned in reference 25. Its frequency
stability,:ﬁrb’jected*from all known effects of its design is given in Figure 6. This plot includes limi-
tations owing to receiver noise resonator 1nstab111ty, and the instability of the predicted new frequency
shifts. A plot of the spectral density of the maser’s spectral density of phase fluctuations is shown in
Flgure 7. This figure shows the white phase noise corresponding to the T~ 1 behavior of the stability
plot:shown’in Figure 6.6.

6. SOME OBSERVATIONS ON PRESENT AND FUTURE
H-MASERS

In this paper the writer has tried to shed some light on the state of the art of atomic hydrogen
masers. Since it is only recently that we, in the United States, have had the opportunity to appreciate
maser developments made in the Soviet Union, this brief survey is bound to be incomplete.

In comparison with the technological development of other types of frequency standards in the
West there has been only a few people involved in H-maser development. In the West it is only re-
-cently.that development is headed toward designs suitable for small scale production. On the other
hand the Soviets have placed far more reliance on H masers as working standards than we have in the
West. They have already produced many hundreds of H-masers, and are now offering both active
and passive H-masers for sale.

The market &. H-masers in the West has, so far, been limited. However applications for
masers are growing in number as signals of high frequency stability rather than of high accuracy be-
come more in demand in view of the significant improvements in time transfer offered by two -way
time transfer with communication satellites, the Global Positioning System and the Soviet Union’s
GLONASS system.

The development of H-masers still has a long way to go to reach its full potential as a highly
stable oscillator. Improvements in the long term stability of room temperature H-masers are forseen
by use of new wall coatmgs and better control of systematic effects. Cryogenic H-masers wth stabil-
ity at the 107 1716 10718 1evel and outstandingly high spectral purity will likely serve as oscillators for
operating standards based on future high resolution frequency discriminators using trapped and
cooled ions and atoms. The unique quali ; of the H-maser as an active oscillator, with unparalleled
frequency stability for intervals up to 10° seconds and excellent long-term predictability of its fre-
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quency variation, has led to its successful use as a “flywheel clock” at the U.S. Naval Observatory
and at other timing centers.

The outstanding long-term (year-to-year) frequency stability of the enscmble of Soviet H-
masers reported by N. B. Kosheyaevsky and S. B. Pushkin?® and the predictability of the behavior
of H-masers discussed by Uljanov, Demidov, Mattison, Vessot, Allan and Winkler,2% have proven
the validity of new. strategies for timekeeping. Precise time transfer by operating with common view
GPS and Glonass signals makes possible the precise comparison of H-maser frequency over the
long-term and enables these devices to serve as excellent flywheel standards.

Further advances in time transfer using active H-masers in orbiting spacecraft to permit time
transfer at the few picosecond level will be required to keep up with the performance of future pri-
mary standards based on frequency discriminators operating with trapped icn and cooled atoms and
ions.

It is clear that the technology of the atomic hydrogen masers, which is now only 30 years old,
has still to reach its full maturity.
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TRAPPED-ION FREQUENCY STANDARDS*

B D. J. Wineland, W. M. Itano, J. C. Bergquist, J. J. Bollinger,
D. J. Heinzen, C. H. Manney, F. L. Moore, M. G. Raizen, and C. S. Weimer
Time and Frequency Division
National Institute of Standards and Technology
Boulder, Colorado 80303

Abstract

Frequency standards based on stored atomic ions are 5riefly reviewed. Specific examples are chosen
to illustrate what is currently possible. Both rflmicrowave and optical devices are discussed. The present
limitations to existing experiments and possibilities for future improvement are outlined.

INTRODUCTION

The interest in stored jon frequency standards is reflected by the large number of laboratories using the
stored—ion technique for high resolution atomic spectroscopy with application to frequency standards.
The authors are aware of related work currently being pursued at (in alphabetical order) Communi-
.tions Research Laboratory (CRL), Tokyo; Hamburg University; Hewlett Packard, San Jose; IBM,
San Jose; Imperial College, London; Jet Propulsion Laboratory (JPL), Pasadena; Korea Standards
Research Institute, Taejon, Korea; Laboratoire de I'Horloge (LHA), Orsay; Mainz University; Max
Planck Institute, Garching; National Institute of Standards and Technology (NIST), Boulder; Na-
tional Physical Laboratory (NPL), Teddington; National Research Council (NRC), Ottawa; National
Research Laboratory of Metrology (NRLM), Tsukuba; Physikalisch-Technische Bundesanstalt (PTB),
Braunschweig; and the University of Washington, Seattle. With apologies to many of these labora-
tories, this paper gives only a brief review of progress toward realizing frequency standards based on
stored ions. It is not intended to be comprehensive. The reader is referred to recent proceedings of this
conference and those of the Symposium on Frequency Control, the proceedings of the Fourth Sympo-
sium on Frequency Standards and Metrology(!), a forthcoming review!?, or the specific laboratories
for further information.

Although there is overlap of the work between various groups, historically there has been a natural
division in experiments performed in the rf/microwave spectral region versus those in the optical
spectrum. One reason for this division has been that the required stable local oscillators have been
difficult to provide in the optical domain and relatively easier in the rf/microwave region. This
distinction is disappearing I ecause better sources are now required in the rf/microwave region. Another
reason for the division is that the ability to generate time (measure the phase of the clock radiation) in
the rf/microwave region is straightforward, while it remains a difficult problem for optical frequencies.

*Work of the U.S. Government. Not subject to copyright.




RF/MICROWAVE EXPERIMENTS

The particular ion for an rf/miciowave frequency standard should have a high frequency to increase
stability (other things being equal). However, a primary consideration seems to be availability of
-a convenient optical source for use in optical pumping and double resonance detect.on of the clock
‘transition. In addition, some experiments require a narrow band optical source for laser cooling. Some
representative examples of rf/microwave clocks are given below:

A. ™Hgt Paul trap frequency standards

In 1973, Major and Werth observed the 40.5 Gz ground state hy perfine transition of '*Hg* with a
linewidth of a few hertzl). Hg* has some advantages over other ions as a frequency standard. Its
hyperfine transition has a relatively high frequency. Because of its large mass, it has a low second order
Doppler shift at a given temperature.

The detection of the resonance is based on optical pumping. The lowest electronic levels are shown
in Fig. 1. An rf-excited lamp containing the 2%?Hg isotope will emit 194 nm radiation that will
drive *¥9Hg* jons in the F=1 hyperfine level of the ground state to the 5d'%p 2Py, state. The
ions can then decay to either the F=0-or F=1 hyperfine levels. The lamp eventually pumps most of
the ions to the F=0 ground state. If microwave radiation near the 10.5 GHz resonance is app'ied,
some ions are driven to the my = 0 sublevel of the F=1 state. They then can be re excited to the
5d'%p 2P, /2 state by light from the lamp. When they decay, the 194 nm photons are detected with a
photomultiplier tube. Jardino et al 1! made the first frequency standard based on this system. They
measured o,(7) = 3.6 x 10~17-1/2, for 10 < 7 < 3500, where 7 is the measurement time interval in
seconds. This stability was comparable to that of some commercial cesium atomic clocks.

This basic system was developed further by Cutler ef al 5 & 7- 8, They introduced helium buffer gas
to reduce the temperature of the ions to near room temperature. The lamp was turned off when the
microwave radiation was applied, in order to avoid light shifts of the microwave resonance frequency.
The number of ions was about 2 x 16%. The resonance linewidth was 0.85 Hz. Fractional frequency
fluctuations of 7.6 X 1015 for integration times of one day have been reported(®l.

Prestage et all¥ have demonstrated a " Hg* frequency standard based on a linear rf trap. Ramsey’s
separated oscillatory field method was employed to drive the resonance. In this method, two short rf
pulses are applied. This yields a linewidth in hertz of about 1/(2T), where T is the time between the
two pulses in seconds. The frequency standard was uperated with a linewidth of 0.16 Hz and a Q of
2.5 x 10", The short-term stability of the device was a,(7) = 1.6 x 10~'37~¥/2 for 50 < r < §00.

B. 9Bet Penning trap frequency standard

Bollinger et al (10. 11 demonstrated the first frequency standard based on laser cooled ions where
the second-order Doppler shift can be significantly reduced. This standard was based on a 303
MHz hyperfine transition in tie ground electronic state of °Bc¢®. The hyperfine sublevels of the
ground state are shown in Fig. 2. The first derivative of the frequency of the transition between the
(m; = =3/2, m; = 1/2) sublevel and the (m; = —~1/2, m, = 1/2) sublevel approaches zero at a value
of the magnetic field near 0.8194 T. A frequency doubled cw dye laser was used to generate 313 nm
radiation to laser-cool and optically detect the ions.




In the most recent version of the ?Be* frequency standard, sympathetic laser cooling was used (12,
Magnesium ions were trapped at the same time and were continuously laser cooled. The Coulomb
interaction between the ions kept the ®Be™ ions cold continuously. The number of ® Bet ions was about
5000 to 10,000. The 313 nm radiation source was tuned so that inost of the ions would be pumnped to
the (m; = 3/2, m, = 1/2) ground-state sublevel in a few seconds. The 313 nme radiation was then
turned-off. Tons in the (m; = 3/2, m, = 1/2) sublevel were transferred to the (m; = 1/2, m, = 1/2)
ublevel and then to the (m; = —=1/2, m; = 1/2) sublev~ oy two successive rf pulses. The Ramsey
method was then used to drive some of the iov s to #1__ {in; = =3/2, m; = 1/2) sublevel. Then rf pulses
were applied in the reverse order, to bring ions which had remained in the (m; = -1/2, m, = 1/2)
sublevel back to the (m; = 3/2, m, = 1/2) sublevel. The 313 nm source was then turned back on and
the fluorescence intensity was measure:. The intensity was proportional to the (i, = 3/2, m, = 1/2)
population. If ions were left in the (m; = -3/2, m; = 1/2) sublevel, there was a decrease in the
intensity. The time between the two rf pulses was as long as 550 s, although 100 s was more typical.
With T=550 s, the width of +he resonance was 900 ulz. The stability was better than 3 x 10~127~1/2,
However, a frequency shift with changes in pressure was observed(!2. This limited the long-term
stability of the standard to ab- 1t 3 x 10~1. The uncertainty of the second-order Doppler shift was
only 5 x 10~15,

C. Other work -

Other ions have been investigated for use in microwave frequency standards. Lasers have been used
for optical pumping and detection of hyprfine transitions in several other ions, including Z*Mg* N
137g,+ (4] 1358+ (18] ang 170y b+ (18], Frequency standards based on 3" Bat 1) and 171Yb+ have
been reported (18},

OPTICAL FREQUENCY STANDARDS

An optical standard has the chief advantage that, if the transition linewidth and signal-io-noise ratio
can be maintained, the stability of the standard improves linearly with the increase in frequency of the
atomic transition uged for the reference. This factor of improvenent can be as much as 10*. Conversely,
by going to higher frequencv, we can sacrifice some signal-to-noise ratio by using smaller numbers of
ions and stil maintain good stability. This 1s important Lecause in general, the second-order Doppler
shift is reduced as the number of ions is reduced. The p :nalty for using optical frequencies is that
the required local oscillators (lascrs) are more difficult to produce and the measurement of frequencies
and the phase ot the oscillation .s difficult. Nevertheless, it seems that this approach will ultimately
yield fundamental improvements in performance and seveiel labs are pursuing these experiments.

High resolution experiments have been reported in Bat 1% 20, 21y + (18,22 5,4 §pt+ (23] apg Jigt.
As an example, we briefly discuss the experiment on lg* at NJST.

A. Hgt single—ion optical spectroscopy
Hgt has a level structure which scems to be suitable for an optical frequency standard. The 5d°6s?

2D5/2 state is metastable, with alifetime of ¢ bout 90 ms. The 194 nm transition from the ground 5d'°Gs
251/, to the 5d1%p ?Py; state cai be used for lascr cooling and for electron shelving detection?!, Near
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zero field, some hyperfine components of the 281.5 nm transition in 1 Hg* are nearly independent of

magnetic field. One of these is the transition from F = 0 in the ground state to (F" = 2, mr = 0) in

(25]

the-upper state. Recently, Bergquist et all*®! observed this transition with a linewidth of under 80 lz.

“The resonance line Q is over 10*® and is the higheut ever observed in an atomic or molecular transition.

The-laser frequency was servoed to the single-ion resonance for periods of several minutes(25).

FUTURE

In general, the second-order Doppler shift increases as the number of ions is increased. This effect can
‘be reduced by using-a linear trap geometry(2l as has recently been demonstrated by Prestage, et all.

For more than one ion in a linear rf or Penning trap the second-order Doppler shift can be reduced
to its- minimum value by stacking a line of individual ions along the trap axis of symmetry(27+ 28, 29,
This may provide a microwave or optical frequency standard with an extremely small second-order

Doppler shiftl?8,

Throughout the history of high resolution trapped-ion spectroscopy, the most difficult systematic

perturbation to eliminate has been the second-order Doppler shift. If this shift is reduced, other

systematic effects may become more important. A surprising result (to u:) was the large pressure
shift measured on the °Be* hyperfine transition!'? 28], This may be caused by sticking of molecular
background gas ions to the °Be* ions. These kinds of shifts should also be investigated in other ions.

As'thesystematic shifts of the ion clock transitions are reduced, the demands on local oscillator spectral
purity become more stringent. This is apparent in the experiments on Hg* and Bet microwave/rf
transitions and is the most important limitation in the Hg™ optical experiments.

Although the light sources for optical pumping, detection, and laser cooling can be difficult to pro-
duce, we anticipate that simple, cheap, solid state optical sources in the ultraviolet will eventually
become available. This development will probably be driven by the optoelectronic industry rather
than developers of clocks, but there is such a large effort to develop shorter wavelength solid state
soul.es that there is reason to be optimistic.

Certainly, the new laser-cooling schemes will result in significant advances for neutral atom clockst39),
It appears that the main advantage of the new cooling schemes is not the further reduction in the
second-order Doppler shift, but the dramatically increased control over the positions and velocities
of the atoms. Neutral atom clocks can work with much larger numbers of atoms and can therefore
have high signal~to-noise ratio and stability. These experiments have the added advantage that diode
lasers for optical pumping and laser cooling are available now. Therefore the ion trappers will have
competition from these neutral atom experiments. Although there is no clear overall advantage to
either approach, we expect to see dramatically improved frequency standards for both neutral atom
and trapped ion experiments.
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INTER - SATELLITE TIME TRANSFER:
TECHNIQUES AND APPLICATIONS

E. Detoma
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Abstract

The role of the NASA Tracking and Duta Relay Satellite System (TDRSS) is to increase the volume and
Jrequency of communication between an orbiting spacecraft and the Earth, while at the same time providing
Commarid and tracking functions with extended coverage via a network of orbiting satellites and one or more
ground stations. The same concept is currently being studied and is planned by the European Space Agency
(ESA) under the name of Data Relay Satellite System (DRSS).

TDRSS is an answer to the increasing complexity of new satellites and space missions that, especially
in-the field of scientific and application satellites, are placing increasing requirements in terms of mission
support.

New satellites, designed for scientific missions, such as astronomical observatories, or earth applications,
Jor remote sensing, geodesy and precise navigation, are relying on precise onboard clocks to accomplish their
missions.

All these spaceborne clocks require precise synchronization to some external ground reference, synchro-
nization that must be provided as a purt of the standurd mission support. Since mission support is the primary
role for the TDRS systems, synchronization must be provided through the same links used for telemetry, com-
mand and data acquisition.

There have been many time transfer experiments, and the techniques are well known and established
throughout the years. A number of experiments have evolved into operational services now available world-
wide and, in the case of the GPS, even to satellites in low earth orbit.

However; the requirement to provide timing support as a part of the standard support to the space mis-
sions, has resulted in NASA providing timing services to user spuacecraft directly via the TDRSS. The sume
service is being considered for the new Advanced TDRSS (ATDRSS) and the ESA Data Relay Satellites
(DRS).

We will start with a brief review of the well known time transfer techniques that have been studied and
tested throughout the years. We will then discuss the applicability of time transfer techniques to a timine
service as provided through a TDRSIDRS System, the problems related to the choice of the timing signal
within the constraints imposcd by the existing systems, and the possible practical implementations, including
a description of the time synchronization support via TDRSS to the Gamma Ray Observatory (GRO).
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TIME: TRANSFER: DISSEMINATION AND SYNCHRONIZA-
TION

In general, the knowledge of the relative time offsets between two or more clocks is desired. This
requires-the comparison of the-readings of the clocks. If the clocks are remotely located this may be
difficult,-depending on the degree of synchronization required by the measurement.

We will refer to the exchange of timing information between two or more clocks, an exchange leading
to-the determination of the clocks respective offsets in time, as the synchronization procedure.

When the time information is transmitted or broadcasted to two or mos. users it is called “limc
dissemination”, and it is generally performed by transmitting time coded information (time codes).

Dissemination by itself does not imply the presence of a clock at the user site: the user can simply
get-its time from the decoded message. Synchronization, being the measure of the offset between two
clocks, always requires a clock at the user site.

Since, in many occasions, the two procedures are used together (sometimes just to reduce the initial
ambiguity-of the synchronization procedure) they are both, in general, referred to as “time transfer”
procedures.

Radio-or-optical signals have been used to transfer time over long distances. In both cases, a timing
signal-or marker must be modulated on the electromagnetic wave acting as the carrier.

Usually an event marker is used to synchronize clocks. This can be a pulse, or the zero crossing of a
sine wave; or a particular status of a Pseudo Random Noise (PRN) Code. The time mark, sometimes
referred to as a “tick”, must be identifiable and precisely resolved in time. If a pulse is used as a
timing marker, usually its leading edge is taken as the on-time reference, and the sharpest rise time
is desirable. If the zero crossing of a sine wave is used, the higher the frequency the better the timing
resolution for a given Signal to Noise (S/N) ratio. But this requires a better “a priori” knowledge of
the relative position of the two clocks being synchrorized, since the number of zero crossing per unit
of time increases with the frequency; this presents another problem: ambiguity resolution.

Time dissemination usually relies on the transmission of full numeric coded information. The process of
transinitting such information generates an RY spectrum that is far from optimum for synchronization.
Merreover, the unavoidable delays and jitters of the coding/decoding equipment adds uncertainty to
he measurements and finally degrades the precision and accuracy of the time transfer.

llowever, being able to read the time from the received message, without reasonable ambiguity, the
user does not need its own clock to keep time: usually a time code reader and display unit is all that
is required.

USE OF SATELLITES FOR TIME SYNCHRONIZATION

Satellites have been used for decades now for time synchronization. They are useful, since they can
extend the limits of precise time synchronization far beyond the horizon. VLI and LF transmissions
(notably OMEGA and LORAN) have been used in the past to convey time information over the
horizon, but they have limited capabilities. LORAN can achieve the greatest precision only within
the limits of groundwave propagation, a few hundred hilometers. OMEG.A has worldwide coverage,
but relatively poor performances for timing, only a few tens of microseconds.
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The simplest-technique using a-satellitefor time transfer (synchronization or dissemination) is the one-
way-technique-(Fig. 1); the-satellite is used as a radio relay, or transponder. The signal is transmitted
from A to the:satellite-and from the satellite relayed back to B, which is located well beyond the line
of sight of A.

The synchronization equation (see Fig. 1 for symbols) is:
E = time(A) — time(B) = Tp — Tns

and, since Ths-is measured, then Tp must be estimated, or computed, given the orbit of the satellite
and the location of A and B. Uncertainties in the satellite orbit and ground locations of A and B are
the main causes of error for the one-way technique.

Many variations of this technique exist. In one, a clock onboard the sateilite replaces the ground
transmitting station. Synchronization can even be accomplished, when two stations are simultaneously
in view.of the satellite, without having a real clock on the satellite, provided that some kind of easily
identifiable pulse is transmitted by the satellite (passive synchronization)}),

Using:this technique (Fig. 2), two ground clocks can be synchronized by comparing the times of arival
of the-same pulse emitted by the sa.tellite[”]. This method is a natural extension of the passive TV
synchronization method, widely used to synchronize clocks on a national scale in many countries.

Let the satellite emit a pulse at an arbitrary time Z5. The propagation delay from the satellite to “A”™
is:Tp(A), and from the satellite to “B” is Tp(B); these delays must be known by computing the range
at 1o and applying corrections for tropospheric and ionospheric delays (Fig. 2).

At the-location of the clock “A”, the pulse emitted by the satellite is received at Tas(A); computing
Tp(A4), “A” is able to evaluate {5 in its own time scale.

The same occurs at the location of the clock “B”; another evaluation of #g is carried on, but this time
it is-in the “B” time scale. Obviously the two will not be identical, because of the error E between
‘thetwo clocks: the difference between the two determinations of ¢y will give a measure of E.

It can-be proven that uncertainties in the ephemeris of the satellite, which produce errors in the range
estimates, are greatly reduced by the differencing techniquel'¥, resulting in smaller errors in the time

synchronjzation. This fact has been successfully exploited in the “common-view™ technique using
‘GPS satellites?],

If the satellite carries a stable oscillator onboard, it may produce a repetitive stream of pulses, with no
requirement placed on the degree of synchronization of these pulses with any time scale. As long as
these pulses are stable in frequency, and a count is maintained onboard the satellite (and eventually
transmitted via telemetry to the ground stations), then the previous synchronization scheme can be
extended to clocks not in common-view of the satellite (Fig. 3).

The onboard satellite oscillator acts as a flywheel only for the time required by the satellite to fly
between one site and another. Its frequency must be stable only over this limited amount of time.

This makes possible to use this technique to synchronize precise atomic oscillators with simple onboard
crystal oscillators.

This is the satellite extension of a technique proposed several years ago by Besson, of using aircraft
to carry around flying clocks. In 1971, Joseph Hafele of Hewlett Packard and others were the first
to fly cesium clocks around the world to prove the Special Theory of Relativity. Aircraft have been
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used also-in other experiments (involving relativity) by C. Alley and co-workers at the University of
Maryland:

If the oscillator is stable, and the counting devices following the oscillator itself have provisions to be
synchronized to an external time scale (for instance, UTC), then the satellite can broadcast precise
time in the form of pulses (markers) with related coded information (Fig. 4), in such a way that is
possible:

e one-way time dissemination;

s one-way absolute synchronization (referenced to the onboard time scale, so that a user needs
only to receive the satellite transmission to precisely set and synchronize his clock);

e one-way relative synchronization (between two users, either in common view or not, using the
stability of the satellite clock as a time flywheel).

These techniques were widely used with the TRANSIT/NNSS satellite system and in the GPS/NAV-
'STAR, as a timing spin-off from the implementation of satellite navigation systems.

However, all the preceding techniques:

One-way, satellite acting as a repeater;

Passive synchronization;

Satellite carrying an oscillator;

Satellite carrying a clock;

rely on computed ranges and propagation delays to achieve time transfer: this is a basic limitation of
these techniques. A method to accurately measure the propagation delay is very desirable, especially
if this can be done with the same precision by which time events are measured.

This is the idea behind the two-way synchronization techniques. Both stations, “A™ and “B*, are
active, transmitting their own time signals and receiving the signals transmitted by the other (Fig.
5).

If the satellite is reslly stationary, when “A” receives the pulse transponded back by “B”, then *A”
has 2 measurement of twice the propagation delay between “A” and “B”. Here we suppose that the
two paths (from “A” to “B” and “B” to “A”) are truly reciprocal and this, in practice, may not be
the case.

Now that a direct measure of the propagation delay is available at “A™, this can be transmitted back
to “B” and “B” uses the delay to correct its timing measurements and retrieve the synchronization
error E, instead of having to compute the delay from range measurements.

In practice, things are more complicated, but the method is one of the most accurate and precise
ever being used for time synchronization. Only laser based synchronization methods, thanks to their
higher bandwidth, can achieve better resolution and accuracy. The disadvantage is related to the fact
that a complete transmitting/receiving equipment must be available at the two sites.
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This was-a bit of a problem in the past, when satellite communication meant bulkier antennas and

-apparatus. However, with the present day technology, this is feasible with smaller VSAT antennas and
Direct Broadcasting Satellites, and indeed experiences have already been taken place in the United

States,-at the NIST and at the U.S.N.O.

Laser-communication links present a wider bandwidth than is possible with RF links. However, they
are not as much-as-efficient in terms of signal to noise ratio. Moreover, a light signal can be relayed

‘back by-a mirror or by a retroreflector. Precision pointing of a mirror in space is a difficult task. The

retroreflector provides an easy and accurate reference direction of reflection, the only problem being
that the:light is reflected exactly back to the transmitter site. The problem can be solved by placing
a photon- detector, a stable oscillator and an event counter onboard the satellite, in addition to the
retroreflector array.

Every user (Fig. 6) transmits an intense pulse of light at a known time; which can be precisely
measured against the local time scale. The pulse transmitted by the user “A” arrives at the satellite,
detected by the photodetector and time tagged in the local time scale of the onboard clock. At the
same time, the retroreflector array reflects part of the original pulse energy back to the ground, when

it is detected and the round trip time measured accurately.

Since the transmit time and the propagation delay are known, the time of arrival of the transmitted

pulse at the satellite can be computed in the station “A” time scale. Also, the transmitted pulse

arrival time is measured in the satellite time scale “S” and, by taking into account the propagation

-delay, we have a measurement of the synchronization error E(A — S) between the time scale of “A”

and the satellite.

Another user “B”, shortly after “A”, makes a measurement, performing the same procedure, and is able
torecover E(B~S). By taking the difference between the two measurements yields the synchronization
error between “A” and “B”. The time scale of the satellite disappears in the differencing.

The frequency stability of the onboard oscillator, in the short time between the arrival of the pulse
from “A” and the arrival of the pulse from “B”, must be sich as to not degrade the timing accuracy
of the measurement. If the time elapsed between the arriva: at the satellite of the two pulses is only a
few hundred milliseconds, it can be shown that a good crystal oscillator can provide enough stability
not to degrade the synchronization at the subnanosecond level.

This technique has been implemented in the LASSO (LAser Synchronization from Stationary Orbit)
concept. A first atiempt to carry a LASSO package into orbit was done with the SIRIO-2 satellite
and failed, due to a launching accident. Later, 2 LASSO package was successfully orbited onboard the
ESA Meteosat-P2 satellite.

The LASSO experiment was proposed by M. Lefebvre et al. of the Centre National d"Etudes Spatiales
(CNES), Toulouse (France). Based on a presentation at the 1972 COSPAR meeting in Madrid, the
European Space Agency (ESA) accepted a proposal from the Bureau International de 1'Heure (BIH)
to pursue a related space mission.

The aim of the LASSO technique is to provide a repeatable, near-real-time method for long distance
(intercontinental) clock synchronization, with nanosecond accuracy.

The LASSO payload is composed of retroreflectors, photodetectors for sensing light at two wavelengths
(from ruby and doubled Nd-YAG laser emitters) and an ultrastable oscillator to time-tag the arrival
of laser puises; these time-tags or “datations” are transmritted to the ground via telemetry.
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The LASSO technique is based on the use of lase: ground stations firing monochromatic light pulses

-at -predicted times, directed toward the synchronous satellite. An array of retroreflectors onboard

the-spacecraft sends back a fraction of the received signal to the originating laser station, while an
electronic device onboard the spacecraft detects and time-tags the arrival of the laser pulses.

Each station measures the time of transmission and the two way propagation delays of the laser pulses,
and computes the one-way propagation time between the station and the spacecraft. Then, the offscts
between-the clocks that provide the time reference at each of the laser stations can be computed from
the data collected at the spacecraft and at the ground stations.

With reference to the timing diagram (Fig. 6) for two stations, we have (corrections are neglected):

E=(Tds - Tdp, + (Tp—- A—Tpg) — (Tss — Tsp)
where:

o I is the time offset between the two clocks at the stations A and B;

e Td; are the transmission times of laser pulses from the station i [i =A, BJ;

o Tp, are the propagation delays between cach station and the spacecraft [i = A, BJ;

o Ts, are the times of arrival onboard the satellite of the laser pulses transmitted from the station

i[i =A, BJ;

If: Tr; are the return times of laser pulses transmitted from the station i [{ =A, B],
then the propagation delays Tp; can be easily computed as:

Tr; - Td;

Tp,' = 3

[i=A, B]
Substituting, we finally obtain the synchronization equation:

o (Td-'i - TdB) (TT_.1 —TTB)
E= 5 + >

+ (Tszl - TSB)

An interesting variation to the LASSO scheme for optical time transfer was proposed in the past!'!l.
The idea was to reverse the locations of the optical transmitter and receiver. In the LASSO experiment
the transmitting lasers were located on the ground, and the satellite carried orbiting retroreflectors.
The proposal to reverse the roles, putting the laser in orbit and inexpensive retroreflectors and detectors
on the ground, was aimed to reduce the cost to the user, in hope of providing time dissemination
available at metrology centers around the world, and to allow geodetic users of the system to cover
wide areas with passive retroreflectors at minimum cost. The difficulty lics in puinting the orbiting
laser with the required accuracy. As far as we know, the technique was never pursued, even if it is an
interesting concept.
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INTERSATELLITE LINKS FOR TIME SYNCHRONIZATION

The Tracking and Data Relay Satellite System (TDRSS) is designed to provide Tracking and Data
Relay Service to User Satellites, generally in Low Earth Orbit (LEO), using a constellation of geosy n-
chronous satellites (two operational, TDRS West and East, plus an in-orbit spare) and two ground
stations, both located at White Sands, New Mexico.

Fig. 7-(from Ref. 1) shows the geometry involved in the TDRS System. A sigral is transmitted (from
the user LEO satellite) to one of the two operational TDR satellites which transponds the signal to
the TDRSS NASA Ground Terminal (NGT) at White Sands (Fig. 12). The same path is followed in
reverse‘by a signal transmitted from the ground to the user LEO satellite via TDRSS.

When ground stations were used to provide tracking, command, telemetry and data acquisition support
to the space missions, an extensive world wide networl was required to provide continuity of coverage.
In those days, the signals traveling from ground to the satellite (tracking and cummand) were referred
to as the “uplink”. Conversely, signals traveling from the satellite to ground (tracking, telemetry and
data) were referred to as down@link communications.

This is-not so obvious with TDRSS. First, the signal from NGT to the satellite travels upward to
the TDR satellite, and then downward to the user satellite, which is in low Earth orbit below the
TDRS. Conversely, from the satellite to ground, the signal travels upward to the TDR satellite, then
downward to NGT. To avoid confusion, the convention adopted was to refer to the communication link
from NGT to the user satellite via TDRS as the forward link, and to the link from the user satellite
‘to NGT via the TDRS as the return link. The TDRS is basically a transponder.

The TDRS is transparent as regard to the communication of data between the user LEO satellite and
NGT. However, while the NASA TDRSS was designed to provide Tracking and Data Relay Support
to Earth Orbiting Missions, it was not designed to support time and frequency transfer to a User
Satellite.

he first satellite needing such a service is an astronomical observatory, the Gamma Ray Observatory
(GRO). GRO requires a time tag of data collected onboard to within 100 microseconds of Universal
Time Coordinated (UTC) time scale. Since the onboard oscillator is a crystal oscillator, it needs peri-
odical calibrations, which must be performed from the ground, via the command and telemetry link.
To correct the oscillator, however, its phase, frequency offset and aging must be precisely measured
with respect to UTC, or against a ground clock referenced to UTC by external means.

In 1975-1976 the Timing Systems Section of the Network Engineering Division at GSFC was charged
with this problem. The Applied Physics Laboratory (APL) of the Johns Hopkins University was
tasked to aid with a study of possible solutions. The study resulted in what is referred as the DATA
INTERFACE APPROACH: to synchronize user spacecraft clocks via the Tracking and Data Relay
Satellite System. The technique chosen was the two-way technique.

NOTE: Notice that the User Clock may be either onboard a User Satellite or on the ground: i.e., the
technique can be used to also synchronize a second ground station!” or any Remote Cloch, provided
that a TDRS-compatible transponder is available at the sitell.

In the two way time synchronization techniquel!, two clocks, located at A and one at B (Fig. 3)
exchange the time information through a satellite communication link. The time information can be
in the form of pulses, bursts of pulses, continuous sine signals or Psecudo Random Noise codes (PRN
codes). The basic equation giving the time difference between the two clocks isll:
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E= (71 - To) ; (T3 — T3]

+6E  (corrections) (1)

where: E is the time offset between the clocks in A and B [actually E = T(B) - T(A4)};
Ty and T3 are the times of reception of the time signal transmitted at the
times Tp and 7% by A and B.

The corrections §E take into account several factors affecting the synchronization process: the dif
ference in the forward and return paths (from A to B and from B to A) due to the satellite motion
and to the Earth rotation, the atmospheric propagation delays (troposphere and ionosphere) and the
equipment delays.

Usually a pulse at the rate of 1 pulse per second is the electrical output of a standard clock; the
resulting 1 second ambiguity can be easily resolved by luoking at the time readout, since one second
change in the display is easy tu observe, and numerical information can be easily coded, transmitted
and decoded as digital data in a one second frame.

The 1 pps pulsc output constitutes the time markh of the clock, used to resolve time intervals smaller
than 1 second: usually the leading edge of the pulse itself is taken as the on time reference to increase
the resolution of the measurement.

The synchronization procedure used in the TDRSS determines cvarse and fine spacecraft clock error
with respect to UTC. Coarse error is determined from the spacecraft clock time code to one second
resolution; fine error is defined as the residual synchronization error within the 1 second ambiguity
period.

We will show, however, that, by relating the ambiguity to the repetition period of the timing
pulses used as the time signal, some simplification in the hardware and in the operations
may be obtained (see the HYBRID TECHNIQUE).

To perform the ranging measurements {a primary function of the TDRSS is to provide orbital support
to the missions), a Pseudo Random Noise (PRN) Code is generated at «ie TDRSS Ground Station
and modulated on the forward RF link together with the command data for the user spacecraft.

There, the code is received, demodulated and the code epuch precisely measured to reconstruct a
second code with the same characteristics of the received code, but with a different bit pattern. Exact
time synchronization between the two codes is maintained. This second code is sent back to White

Sands via TDRSS.

Beng piecisely synchronized to the forward link ranging code, the return link code provides an casy
way to measure the two way propagation time, so that an estimate of the one way range between
White Sands and the User Satellite is ubtained. Since the range from White Sands to the relaying
TDR satellite is precisely hnown (or continuously measured using the same technique), the range from
the TDR satellite to the User Satellite is also known.

Even if ranging is net performed continuously, the forward and return PRN codes are present. The
PRN codes are an ideal timing signal for time transfer, because of the optimum use of the avail
able bandwidth, the good rejection of external interferences (man made or natural) and the extreme
resolution of the timing measurements due to the high repetition rate of the chip period.

The TDRSS PRN code is periodic, with a code period of about 83 ms. i.c., the code repeats itself
every 85 ms. This is the time interval ambiguity associated with the PRN code. Once per cycle, the
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cade geserator steps over o..e casily identifiable state, the so called “All 1's” state, since every tap on
the-feedback logic of the shi‘t register generating the PRN code is at logic level 1. Notice that an “all
0's” state cannot exist in 2 PRN code gen ator, otherwise the code itself will be trivial, being locked
in-a-zero state condition.

In-the TDRSS time transfer techniques using PRN codes, the timing signal (or time reference ticks,
-exchanged between the two clucks to perform the synchronization is the “All 1’s” state of the PRN
code, and the reference time i measused accordingly ou the rising edge of the “All 1's™ pulse from
the-local generator, wk n vhe received and locally generated codes are correlated (when receiving), or
on-the rising edge of the “All 1's” pulse from the local generator when transmitting.

Basically, the APT apprcach was tu use a two-way time synchronization technique, after an initial
coarse synchronization was performed to resolve *he one second ambiguity. Time tagging of the “All
1's” pulses was required to identify the selectzd pulse (with about 80 ms a.ubiguity due to the PRN
code cepetition rate) within the 1 second coarse synchronization interval. The identification was carried
on-using the telemetry data stream, since, in principle, epoch timing, tclemetry data and frame rates
and: clocks ticke are asyachronous.

Several techniques were considered!™l, including one-way time transfer; however, the improved per-
formances related to the implementation of the two-way technique were evident, and it was decided
to-implement a synchronization scheme baseu on the twe-way technique, which .. its basic form is
shown in Fig. 8.

Going deeper into the details of the actual implementation, two situations were taken into account,
due-to the fact that the return PRN code can be locked to the forward PRN code whether or not a
TDRSS ranging function is being performed.

The non ranging situatio.. requires only an additional time interval measurement onboary the User
Spacecraft to measure the transmission time of the reference mark of the transmitted code. This
additionz] measurement must be relayed back to Earth via the telemetry. The remaining of the
corn.putations are essentially identical.

Return PRN Code locked to the Forward Code (Technique 1)

The first teckniqu .onsidered assumes that the Return PRN Code (generated onboard the User
Satellite) is locked to the Forward Link PRN Code. In Fig. 9 (from Ref. 5) this is shown schemazically.
To avoid confusion ir reading the figure, consider that the second number used in the suffix of the
indicated -uantities refers only .o the number of consecutive measurements performed, and can be
ignored, since, 1n principle, the two-way time transfer can bc carried on in one measurement frame.
Defining: Iy D;; = transmission tiiae of the timing
reference from the master (ground) station;

D; = Dy = time of reception/{ransmission of
the timing reference at the user;

Dy = Dj = time interval elapsed from the time

of transmission to the reception of
the timing signal at the master site.

NOTE: Dy is the two-way propagation delay; the “absolute’ time of reception of the timing mark in
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‘the master time scale is actually D3 = D} + D;.

If By is the time offset between the two clocks, we can write:

Dy +ty=Ey 4 Ds (2)

and:

D14 D3 = E; 4+ Dy + 1, (3)

‘where ?, and t; are the forward and return propagation delays.

If the geometry is completely reciprocal, ¢, and ¢; would be equal and the egs. (2) and (3) can be
simply added to obtain:

~DitDs

B >

D, [D3 = D1 + D3] (4)

which is the basic two-way time synchronization equation, shown also in Fig. 6.2. However, considering
the satellite ur.ation and the resulting Doppler effect, we know that this is not true, and in general ¢;
will be different from ¢,.

If this is the case, we can simply use the eq. (2) and write:

Ey =ty — (D2 — Dy)ffor the technique 1] (5)

The first approximation to evaluate ¢, yielding the classical two way time synchronizalion equation
(4), assumes full reciprocity, neglecting any satellite motion. In this case, {; is obtained directly from
the two-way propagation delay Dj.

For the TDRSS synchronization, as in other cases, a more complicated madel for tiie satellite motion
is-assumed, but this will not be described here.

Return PRN Code not locked to the’Forward Code (Technique 2)

The second technique considered is more general, and assumes that the Return PRN Code (generated
onboard the User Satellite) is not locked to the Forward Link PRN Code. In Fig. 10 (from Ref. 5)
this is shown schematically. Again, to avoid confusion in reading tle figure, the second number used
in the suffix refers only to the numbes of consecutive measurements performed, and can be ignored in
the following discussion.
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Defining: Dy = D;; = transmission time of the timing reference
from the master (ground) station;

Dy = Dy = time of reception of the timing reference
at the user;

Dy = Dy = time of transmission of the timing reference
from the user;

Dy = Dj = time of reception of the timing reference

at the master site, elapsed from the
transmission time

NOTE: DY is the-two-way propagation delay; the “absolute™ time of reception of the timing mark in
the-master time scale is actually D3 = Dj + D,

If Es is the time offset between the two clocks, we can write:

Dy +1iy=Ey+ Dy (6)

and

Dy +Dy=Ey+ Dy +1, (7)

The suffix “2” of E; denotes only the time offset as computed using technique 2. If total reciprocity

-of the forward and return propagation delays cannot be assumed, we can only write:

E2=tf—(D4—D1) (8)

Agein, t; must be computed separately, under the assumptions given above.

The TDRSS PRN code generator chip rate and code length result in a repetition period for the full
code of about 85 ms; as a consequence, this is also the repetition period of the “All 1's” state of the
code.

To identify the “All 1’s” state used as the timing marker for the synchronizition, a range gating
sysiem using the telemetry frame was used. This resulted in some problems, related to the decoding
delay of the telemetry frame which, in the TDRSS, is convolutionally encoded on the carrier. This
unpredictable delay may create some ambiguity in the “All 1's” state identification, when the two
occur very close together.

The problem was solved by adding a second telemetry identifier and 1esulted in an increase in the
complexity of the hardware used to implement the technique.

An error budget was estimated!® as follows:
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SOURCE

ERROR
assuming given errors
are 1 o values

ERROR
assuming given errors
are 3 o values

Measurements 6 ns 6 ns (*)
and calculations

Differential 7 ns 20 ns
delay at User Satellite

Differential 7 ns 20 ns
delay at Master site

Differential 10 ns 30 ns
delay of Satellite

Non-reciprocity in 5 ns 5 ns (*)
propagation effects

TOTAL R.M.S. 16 ns 42 ns

NOTE (*): No averaging is assumed

In 1982 a second proposal was put forward by the Gamma Ray Observatory Project Office, regarding
the possibilivy to passively monitor the Gamma Ray Observatory onboard clock simply by using the

telemetry return link(?.

The idea was to implement a one-way time transfer technique, based on ‘l.e telemetr, link, with the

following budget:

(2)
(b)
(c)
(d)
(e)
(1)
(8
(h)

ERROR SOURCE

GRO clock quantization error
Spacecraft delay

Orbit determination error

TDRS transponder delay

WSGT equipment delay

Telemetry clock-reconstruction error
NGT quantization error

NGT clock error

R.M.S. ERROR

0.28 us

2.00 us
1.00 us
2.00 ps
0.29 us
1.00 pus

TOTAL R.M.S. ERROR

=~ 3.20 ps

This figure for the total R.M.S. error was considerably higher than that given by the data interface
approach. Nevertheless, if maintained, the telemetry interface approach would hav: been able to
satisfy the requirements of the GRO spacecraft with much less hardware and comjplexity than the
more sophisticated APL proposal.

However, the technique was not accepted, because of the risk involved in the decoding of the telemetry
data stream: in some of the bit and frame synchrouizers used at the time, randun. slippages of one
bit occurred in the clock reconstruction.

Some variations on the schemes proposed sor the DATA INTERFACE APPROACH can be envisaged,
e.g. by reducing the hardware complexity while maintaining the accuracy of the two way technique.
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: The- use of a Hybrid Technique was suggested by the fact that, after the two clocks (NGT
-and-user) are synchronized, no nead exists to carry on the pulse identification process using
- range:gates.and telemetry frame information.

How-well two clocks need to be synchronized for this statement to be true?

It can be shown that two clocks (Master and User) need only to he synchronized to within

1 T/4 seconds, where T is the “All 1’s” repetition period (i.e., the repetition period of the
PRN code).

Since, for TDRSS, T = 80 ms, then the two clocks need only a initial coarse synchronization within 20
ms. This:is well within the capability of a One-Way Time Transfer technique, such as the Telemetry
Interface Approach. Therefore, the synchronization of the User Clock (either un a Satellite or on the
Ground)-can be carried on in two steps:

1. -COARSE SYNCHRONIZATION: One can use the Telemetry Interface Approach or any
other suitable, simple technique to synchronize the User Clock at the 20 ms level (T/4): the One-Way
technique-is advisable.

The:One-Way technique has a definite advantage over trying to perform the full Telemetry Interface
approach,since all the propagation delays need not be measured more accurately than a few ms. Range
computation from the orbital elements, prediction of atmospheric delays and other delays associated
to the equipment may all be neglected.

2. FINE SYNCHRONIZATION: Once the coarse synchronization has been performed, using

whatever technique is available and convenient, and the two clocks are synchronized within 20 ms,
there is no need to identify the “All 1’s” puises.

In this way we should be able to exploit the full capability and accuracy of the Two-Way technique,
without the trouble to use the identification procedure (using the telemetry frame marks) and even
without the ranging gates, as long as we rcly upon the short term stability (t < 1s) of the clock that
generates the PRN code.

This approach simplifies the hardware to be built and allows the fine synchronization pro-
cedure (2) alone to be used, if the User Clock is maintained to within T/4 seconds.

From an operational point of view, the coarse synchronization must be carried on only initially, when
the clock is first switched on. After that, this technique need only be used if a major malfunction
should occur and coarse synchronization is lost.

! However, for normal timekeeping, only the fine synchronization procedure is to be used.

This adds a substantial simplification to the operational requirements and limits the amount of data
to be handled.

The following descriptior. is intended to present a possible implementation of the Hybrid synchroniza-
tion technique. Equipment delays are considered as known quantities, and, in any case, measurable
and stable to within the required accuracy. To simplify the equations these delays are, at present,
ignored. The coarse synchronization technique will not be addressed, since it is straight forward in its
execution; only the two-way fine synchronization will be described.

The reference pulses exchanged between the Master clock (NGT) and the User are the “All 1's™
occurrences of the PRN code. The “All 1's” repetition period is T, and it can be shown that, to




avoid any ambiguity in recovering the time offset E between the two clocks, these should be initially
synchronized with an overall error not to exceed T/4. This is a condition that is readily achievable
using ordinary synchronization techniques, and should not present a problem.

During a preliminary investigation, several modes of operation were studied, depending on whether
or not the “All 1's” reference mark would o would not be readily available at NGT. In the following
it is assumed that the “All 1’s” state indicator is available at the master site (NGT): and, as such,
various techniques using ranging signals or ground bilateration transponders will not be addressed. In
the mode considered here, the “All 1's” signal is available both at the Master Clock and at the User
Clock (Fig. 11).

”

The first occurrence of the “All 1's” after the local second tick at the Master (NGT) occurs at a time
Ty, and T is the “All 1s™ repetition period. The signal is received at the User at the time T5 and it
is transponded back to NGT, where it arrives at the time T (Fig. 11).

Neglecting the effect due to the satellite motion, the clock offset E is given by the two-way synchro-
nization equation as:

Li+Th

F= 5

-Ts (9)

If T3 is the first occurrence of the received “All 1’s” after the second tick at NGT and T3 is the first

PR

occurrence of the transponded “All 1’s™ at the User, again after the local second tick, we can write:

Ty=Ts+n-T T5=T2+323-T (10)

where n is an integral number of cycles of T. Substituting into eq.(9) we have:

T3+ 1)
E==2"1_7 (11)
2
which avoids the use of the range gates to enable the measurements and the identification of T and Ty;
a counter is simply started by the local second tick and stopped by the “All 1’s” occurrence. However,

special care must be exercised to handle the modulo-T arithmetic implicit in eq. (11).

The two clocks must be synchronized initially to within T /4 tu avoid any ambiguity. Synchronization
to T/2 is required because of the division Ly 2 in egs. (9) and (11), while initial synchronization
to T/4 is further required to give the correct sign to the computed offset (otherwise E = —5pus and

E = T [2-5ps are completely equivalent, since a residual ambiguity of T/2 still exists on the computed
offset E).

As in the Data Intwerface Approach (APL), the correction to the basic synchronization equation for
the satellite motion is obtained fium successive differences in the round trip propagation delays, using
the T3 and Ty measurements.

The equations will remain the same as those provided for the Data Interface Approach. It can be
shown that the linear range variation model is a valid assumption only a. a first order approximation;
however, it is censidered to be fairly effective in dealing with Doppler estimationf*].

The error budget remains essentially identical to the figures quoted for the Data Interface Approach.
The main difficulty is related to the calibration of the equipment delays; this remains the main factoi
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limiting the-overal accuracy of the Two-Way techniques in general.

In-the Hybrid Technique, the coarse and fine synchronization procedures are completely independent:
as a consequence, the practical implementation of the technique can be broken into steps:

e satellites requiring only coarse time (and maybe these are the majority) can use the coarse
synchronization procedure alone;

¢ a satellite requiring more accurate time, will require full synchronization capability: however, in
this case, and as long as the clock onboard is kept “on time”, the fine synchronization procedure
alone can be used. The coarse synchronization is to be used only fo set the clock when it is first

switched on, or in the event that some malfunction occurs and time is completely lost at the
remote clock;

o to synchronize a ground clock the fine synchronization technique alone can be used, since the
clock can be kept on coarse time very easily with any other simple and inexpensive techniques
already available (LORAN, HF Standard Transmissions, even, in some countries, with radio
broadcasted time codes).

The capability to support a multi-user cnvironment is stressed by the Hybrid technique. Since no
range gates are required (depending upon the relative position of each user), many users can take
simultaneous measurements. Then, the time differences can be computed against a single measurement
for the forward “All 1’s” state and multiple measurements (one per user) for the return state indicators.

Even in this case the coarse synchronization needs only to be used in the event of a malfunction: this
feature will help to reduce the operational requirements and, as a consequence, the operational costs.

ADVANCED TDRS PRCGRAMS

In the United States, plans are under study to implement an advanced version of the TDRSS; the
Advanced TDRSS, or ATDRSS for short, will retain the same basic features of the current TDRSS,

having incorporated the timing support in the basic specifications for the system (Ref. 12, para. 5.1,
and Ref. 13, para. 3.5.2):

“...  ATDRSS tracking service will provide measurements from which estimates

of the USAT (User Satellite) orbit, oscillator frequency bias, and clock bias
will be determined.”

At7the AGT (ATDRSS Ground Terminal), time will be provided to the ranging and communications
systems by a Common Time and Frequency System (CTFS), based on a redundant set of cesium
frequency standards and time code generators (Ref. 13, sect. 6).

The ATDRSS will support the following time transfer services via the available tracking links via the
SMA (S-band, Multiple Access), SSA (S-band, Single Access), KuSA and KaSA (Ku- and Ka-band
Single Access) telecommunications channels (Ref. 12, para. 3.5):

¢ Two-way time transfer, supported via the two-way tracking service;
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o One-way time transfer, via the one-way return link tracking service.

In the two-way mode, the time transfer measurement is performed with the following sequence (Ref.
12, para. 5.2.1.d):

1. The AGT measures the elapsed time between a reference CTES time epoch and the next outgoing
forward link range channel PN epoch. The AGT measures the elapsed .ime between the same

reference CTI'S epoch and the first return link PN epoch to arrive after the outgoing forward
link PN epoch.

2. The USAT places a time tag in the return service data, referring to the departure time of the
PN epochs.

The following specifications apply to the ATDRSS two way time synchronization (Ref. 12, para.
5.3.1.c and para. 5.3.1.d):

¢ Time Transfer (TT) Measurements Resolution (this is called “granulaiity™ in the specifications):
< 200 ns

o TT Measurements r.m.s. Error (also referred as jitter in the specifications): < 25 ns

s Systematic Errors

.Hntribution from ATDRSS: < 1 35 1is
contribution from AGT: <4 30 ns

[these are the same requirements as for the two-way ranging specifications]
e ATDRSS Delay Compensation [Delay Calibration]: to be provided as part of the timing service

¢ Time Tagging Accuracy
for ranging data: < % 1 ps of CTFS epochs

for Dopple: “.za: < & 25 ns of CTFS epochs
for time transfer data: < % 5 ps of CTFS epochs

o Timing Accuracy: the reference CTFS epoch times shall have a systematic error < £ 5 ps

relative to UTC, and shall be traceable to UTC time within & 100 ns

For the one-way synchronization, the system specifications state (Ref. 12, para. 5.2.2.c) the following
procedure:
1. The USAT will place time tags in the return service data.

2. The AGT shall format the user return service data into NASCOM (NASA Communications
Network) data blocks.

3. The AGT shall place time tags in NASCOM data blocks.
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In-Europe and\Japan, other compatible (at least for the S-band service) Tracking and Data Relay
Satellites-are under study: those are the ESA DRS (Data Relay Satellite) and the Japanese JDRS,
planned for the mid-90s.

In: Europe, a significant development may delay the planned launch of the first ESA DRS-1: the
Advanced Relay and Technology Mission (ARTEMIS) project is well under way, and has been given
priority by ESA over the. DRS program. The first launch of ARTEMIS (as DRS-0) is scheduled in
1992.

ARTEMIS is a communication technology demonstration satellite, for advanced data relay and land
‘mobile applications. The payloads will be:

e a laser optical data relay communication experiment (SILEX), for high data rate communica-
tions;

¢ an S-band, multiple access data relay payload, for medium data rates, intended to be compatible
with the Multiple Access (MA) S-band service provided by TDRSS and ATDRSS;

¢ an L-band payload, intended for mobile services;
‘e a number of spacecraft technology experiments, such as jon propulsion and Ni-II batteries;

e an EHF propagation payload, to study propagation effects at high frequencies.

After a nominal 3 years experimental phase, ARTEMIS is intended to become part of the ESA DRS
System as DRS-0. Several technologies carried onboard ARTEMIS are interesting: as far as timing is
concerned, certainly the SILEX payload may offer unique capabilities to exercise new techniques for
intersatellite time transfer.
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CURRENT GPS/GLONASS TIME REFERENCES AND UTC

P Daly

Department of Electronic and Electrical Engineering
University of Leeds, Leeds LS2 9JT, United Kingdom

Abstract

The world’s vwo global satellite navigation systems, GPS and GLONASS, will both become uperational during the
early 1990’s. Each will offer, independently of the vther, precis: location and time transfer contnuously anywhere
in-the world and indeed-in space-itself. Many potential users, in particular the vil aviation community, are heenly
interested in a joint GPS!GLONASS operation since it would offer substantial advantages in defining and mantaimning
thezintegrity-of the navigation aid. The question arises ¢f compatibility of GPSIGLONASS from the puint of view of
sarellite onzboard clocks, their system references, their nativnal standards and wltimately UTC. Results are presented
on.the characterisation of GLONASS system and spacecraft ddocks as compared to their Navstar GPS counterparts.

INTRODUCTION

GLONASS-provides worldwide time dissemination and time transfer services in the same manner as Navstar GPS
with=both-exhibiting substantial advantages over other existing timing services. Time transfer 15 both effivient and
economic in the sense that-direct clock comparisons can be achieved via GLONASS between widely separated sites
without the use of portable clocks. Event time tagging can be achieved with the minimum of effort and users can
reacquire GLONASS time at any instant due to the continuous nature of time aboard the satellites.

The first release from the Soviet Union of detailed GLONASS information oucurred at the International Civil
Aviation Organisation (ICAO) special committee meeting on Future Air Navigation Systems (FANS) in Montreal 1n
May 1988 [1). In full operation GLONASS will have 24 satellites in orbit, 8 satellites separated by 45 degrees n
phase in_each of three planes 120 degrees apart. During the present pre-operational phase unly two of the planned
orbital planes have been occupied. Currently eight GLONASS satellites are in full uperation, four each 1n planes |
and 3 (see Table 1); this gives single satellite coverage at most locations almost 24 hours a day.

SATID | COSMOS | GLONASS | CHN | LI/MHz | PLANE
1988-43A | 1946 34 12| 1608.7500 | 1
1988-43C | 1948 36 24 | 16155000 | 1
1988-85C | 1972 39 i0 | 1607.6250 | 3
1989- 1A | 1987 40 9 | 1607.0625 | 1
1989- 1B | 1988 41 6 | 16053750 | 1
1990-45A | 2079 a4 21 | 1613.8125 | 3
1990-45B | 2080 a5 3 | 1603.6875 | 3
1990-45C | 2081 46 15 |16104375 | 3 |

Current Active GLONASS Satellites 30-11-90.
Table 1
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The only new satellites to appear during 1990 have been the three with international identifiers 1990- 45A,B and C

TIME FROM GPS/GLONASS

Time transfer from GPS/GLONASS 15 achieved in a straightforward manner, Figure 1. Each satellite transmits
signals referenced to its own on-board clock. The Control Segment monitors the satellite clocks and determines their
offsets from the common GPS/GLONASS system time. The clock offsets are then uploaded to satellites as part of
their transmutted data message. A user at a known location receives signals from a satellite and by decoding the data
stream modulated on to the transmission, is able to obtain the position of the satellite, as well as the satellite’s clock
offset from the common system time. Henue the signal propagation time can be calculated at any instant. The time at
which the signals are transmutted 1s also contained in the data message; by combining this with the propagation time
and correcting first for atmospheric effects and other delays and then for the satellite’s own clock offset, the user can
effect transfer to GPS/GLONASS system time. Correction to an external time scale (such as UTC(USNO) or
UTC(SU)) 1s then possible since the relevant offset 1s one of the transmitted data parameters. Any other user who has
the same satellite visible is also able to transfer to the same common time scale.

SATELLITE CLOCK OFFSETS

GLONASS clock offsets are transmitted as part of each satellite’s ephemeris data once every half-hour. The clock
information arrives in the form of two parameters (i) the SV clock phase offset from GLONASS system time, a0 and
(u1) the SV clock fractional frequency offsets from the GLONASS system reference, al. The clock offest a2, the
second rate of change of phase used in GPS, is not employed by GLONASS as the half-hour update makes this
unnecessary.

GLONASS does transmit one additional timing parameter - the phase offset between system time and its reference
standard, AO. This last offset is normally only updated once a day. There is again a parallel here between the two
satellite navigation systems as GPS also transmits a phase offset between GPS system time and its reference standard,
UTC(USNO). The added complication in the vase of GLONASS is that the reference standard has not been fixed
with time. In the official Soviet documentation, this parameter is described as “..... correction to the system time
scale relative to the time scale to which the ephemeris and satellite synchronisation parameters are calculated™ At
certain {tmes, this latter reference standard has been UTC(SU) but at other times a second (and different standard) has
been employed probably for experimental purposes. In the absence of any solid information, this second reference
standard 1s described (by us) as Moscow Time. Perhaps a more appropriate name would be "auxiliary reference
standard”. Table 2 shows the range and resolution of the GLONASS clock correction parameters.

GLONASS | Bits Scale Range Resolution | Units
a0 22 {2739 | +2%x1073 | 9x10~10 s
al 11 2% | 4+9x10710 | 9x10~13 sls
A0 28 2-2 +1 7%x107? s

* MSB = sign bit.
GLONASS clock correction parameters
Table 2

GPS/GLONASS TIME TRANSFER MEASUREMENTS

A series of measurements has been conducted of the differsnee between UTC(USNO) and both GPS and GLONASS
system tumes. A prototype single channel GLONASS/Navstar GPS receiver {2] allows time comparisons between
svstem times and a 1 pps reference synchronised to UTC(USNO). The Navstar system time / UTC(USNO)
comparison is used as a calibration of the measurement since the uffset between GPS time and UTC(USNO) is
already known - it is transmitted as part of the GPS data message.
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"DATE | SATELLITE | READINGS | AVERAGE | STANDARD
(1/SEC) OFFSET/ns | DEVIATION/ns
26/10/90 | NAVSTAR 2 | 2336 -194 76
26/10/90 | NAVSTAR 3 2157 -195 49
:26/10/90 | NAVSTAR 6 3413 242 54
"26/10/90 | NAVSTAR 9 4850 228 72
26/10/90 | NAVSTAR 11 4312 -185 55
26/10/90 | NAVSTAR 12 3058 214 51
26/10/90 | NAVSTAR 13 4300 -192 58
26/10/90 | NAVSTAR 19 538 -205 50
26/10/90 | GLONASS 34 3224 5425 58
26/10/90 | GLONASS 36 4291 5444 64
26/10/90 | GLONASS 39 3052 5449 60
26/10/90 | GLONASS40 | 4111 5437 71
26/10/90 | GLONASS 41 4484 5436 54
26/10/90 | GLONASS 44 4130 5478 65
26/10/90 | GLONASS 45 3585 5436 62
26/10/90 | GLONASS 46 4828 5437 55

Navstar and Glonass system time offset from UTC(USNO).
Table 3.

Table 3 shows a set of measurements over a typical 24 hour period on 26 October 1990. Each individual
measurement lasts 180 seconds; satellites are accessed many times in the course of the day dunng which tume they
complete 2.125 orbits. The data has been corrected for tropospherie, relativistic and carth rotativn effects but not for
ionospheric effects. Only two of the available GPS block II satellites were used, the absence of "Selective

‘Availability™ on both at this time is noticeable. Both sets of data are consistent in the sense that all eight satellites

individually produce results which differ from the average by much less than the standard deviation. Current
research is aimed at reducing the uncertainty in these measurements to the order of 10 ns.

GLONASS TIME SCALES & UTC(SU)

‘Data-which-relates UTC(USNO) timing edges to both GPS and GLONASS system and reference times (such as is

presented in Table 3 for 26 October 1990) are routinely averaged on a daily basis over the ensemble of available
satellites. These daily values can then be related to GPS/GLONASS reference times through the transmutted offsets.
The end result is a set of daily averaged values of the difference between the local estimate of UTC(USNO) and the
GLONASS reference time which can be either UTC(SU) or Moscow time. Figure 2 shows a plot of UTC(USNO)
against UTC(SU)/Moscow Time over a period of more than 2 years starting in nud-1988 and fimshing towards the
end of 1990. Superimposed on the Leeds University data are the 10-day values of UTC(USNO) - UTC(SU) as
produced independently [3] by the BIPM in Paris. The plot shows clearly the two phases of operation - GLCNASS
was referred to Moscow time during the second half of 1988 and the first half of 1990, the reference time was
UTC(SU) during the whole of 1989 and the second half of 1990. The step in reference tume at the end of 1989 was
-1.5 microseconds, followed by an equal and opposite step on 20 June 1990. The slopes of the two sets of data
during the first half of 1990 would lead one to conclude that the Moscow Time reference 1s offset frum UTC(SU) in
phase by around 1.5 microseconds but very close to UTC(SU) in frequency.

As mentioned previously, a step in the GLONASS reference time from Mosvow Time back to UTC(SU) twok place
on 20 June 1990. Coincidentally, GLONASS system time was also reset to a value very close to UTC(SU) itself.
The means of observing these changes is illustrated in Figure 3. The continuvus measurement of GLONASS system
time with reference to UTC(USNO) showed up the step change in the former as it oveurred. Soon afterwards the
transmitted SV offsets from GLONASS system time also reflected the same change. By referning the SV phase offsets
to the same reference time (12:00 GMT on 20 June), the change in the averaged SV offsets was computed to be
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+387147 ps (standard:deviation 16 ns). The-diffcience between UT2 (USNO) and GLONASS system time obtained
-at:the:Leeds University-ground station- avcraz,ed vver the previoustan.d following 24 hours-ameunted to + 32 140 uy
(standard deviation 64 ns):

As-a:result-of the-confirmed change in systgﬁ)ztime togeher with-the step in reference time, it was possible to
conclude -that the- opf)oituhity ‘had been taken-on-20 June by -the-control segment both-to synchronise GLONASS
-referénce time once-again:to-UTC(SU) and to:bring system tinfe to within +/- 1 us of UTC(SU). It will be-recalled
-that:GPS system time-is-constrained to lie within-+/- 1 us of UTC(USNO).

SincéJaniary 1990 data’has been provided by-Leeds University-to-the BIPM in Paris [3].in:the following format. -

1):  ‘Daily measurements at-the Univensity of-Leeds averaged over the available ensemble of GLONASS satellites of
"UTC(USNO) against: GLONASS system:time.

2). Daily measurements-at the University of Leeds averaged over the available ensemble of GPS satellites of
~ “UTC(USNO) against GPS system time.
3) Daily-values of-the difference between GEONASS system tume-and the GLONASS reference time contained in

-the satellite data-message.

Daily. values of the difference betwcen GPS system time and UTC(USNO) are transmitted by GPS satellites and can
‘be-used:to validate the-data obtamed in 2). This validation 15 an important feature of the measurcment as most-of the
‘medsurement equipment-is common to both. GPS and GLONASS. By means of the transmitted offset:, A0, i is
,poss:ble to deduce a value for UTC(USNO) - UTC(SU) obtained-by -the satellite navigation systems GPS and
‘GEONASS with an-uncertainty of less than 100 ns.

‘GLONASS CLOCK PERFORMANCE

Datazon the performance-of certain GLONASS satellites has already been published. Over the years 1956 1989 a
'steady improvement 1n_performance has been demonstrated with Jlocks on-board- spacecraft launched during 1989
showing the qualities of high-quality Cesium stai > of roughly the same level of performance as the GPS block |
Cesiums.

It-is:all the more interesting to look at the bel _iour of the most recently launched (19 May 1990) satellites -

GLONASS 44,45 and 46, (1990 - 45A,B and C). These spacecraft have been operational in space for about 4
months. The clock phase and frequency offsets (a0 and-al) for GLONASS 44 are shown in Figure 4 averaged out
once.per day over a period of nearly 140 days. There 15 a urious vyclic variation in the frequency data whuse period
1s afound 8 days (the penod of satellite ground track repeat). This behaviour is also absenved in the freguency -offset
plots-of both GLONASS 45 and 46 and is probably due tu thermal effects or mudelling effects of the space .raft orbits
and’clock; no such cyclic changes have yet been observed in data obtained from earlier satellites.

The-phase data displays the quadratic behaviour ansing frum a fixed frequency offset and drift. When these two are
removed, the resulting data puints produce an Allan variance plot shown in Figure 5, typival of a high-quality space-
borne-Cesium clock with a flicker noise floor of 5 times e - 14. For the purpuses of cumparisun, an Allan variance
plot for one of the better GPS Cesiums (PRN 13) is found in Figure 6.

CONCLUSIONS

On:the basis of Jaily measurements made of a loal reference and satellite system times, it is Jlear that one can
produce vonsistent results averaged uver an wnsemble of available spacecraft. It is routincly pussible to deduce values
of UTC(USNO) - UTC(SU) on a daily basis to precisions of Iess than 100 ns. These levels of uncertainty can
without doubt be reduced once the most common sources of error have been accounted for.

At the time when measurements were first calibrated in the Univeruity of Leeds GLONASS system time was referred
to-Moscuw time (auxiliary time reference) and remained in this state from the middle till the cnd of 1988. During
the whole of 1989, system time was then referred to UTC(SU). A second pedod of reference to the "auxiliary
standard” began at the start of 1990 and continued for six munths. The direct hinking between GLONASS system
time and UTC(SU) was resumed during June 1990 and has continued 1n this staie uatil the present (end November
1990). Data on both reference clochs indicate that the "auxiliary time reference” is related to UTC(SU) by a
straightforward phase offset, there scems to be very hittle differcace in frequency betweea the two standards. Now
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that-both:Navstar GPS:and GLONASS arezboth referred-to their:respective national ime standards, UTC{USNO)-and
UTC(SU): respectively, the:prospects-for -international-time transfer and coordination of UTC by-satellite are -very
encouraging.

Allan variance:frequency-stability profiles-of-the most recently launched GLONASS spacecraft (1990- 45A,B and C)
iridicate:thy continued-use of:high-quality-Cesium-beam standards on'board. Daily values of the fractional frequency
-offsets of-these recent satellites demonstrate an unusual-and unexplained-cyclic change with pertod around 8 days.
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Carroll Alley, University of Maryland: I have had an extensive briefing in Moscow on the
GLONASS-system. The satellites kave a large array of corner reflectors and they are tracked with high
precision by laser ground stations. They told me that whenever the orbit gets off by 20 centimeters,
they“:make' a correction.

Professor Daly: I have a question — Do you believe the 20 centimeters?
Professor Alley: Yes.

Profesor Daly: People that are familiar with GPS orbits, and I am not an expert on the subject,
would not claim the same certainty for GPS orbits.

Professor Alley: I agree with that too.

Professor Daly: I rest my case.
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USSR NATIONAL TIME UNIT KEEPING OVER
LONG INTERVAL
USING AN ENSEMBLE OF H-MASERS

N.B.Koshelyaevsky, S.B.Pushkin
National Scientific and Research Institute
for Physical-Technical and Radiotechnical Measurements
VNIIFTRI, Mendeleevo, Moscow region, 14570, USSR

... all is as one day with God,
and time only is measured unto men.
(the Book of Mormon, Alma, 40:8)

INTRODUCTION

Because of lack of official information on the USSR State Time and Frequency Service (STFS) for a
long time we shall illuminate it in the first part of this report. The second part of the report will deal
with a problem mentioned in a head line.

The STFS is responsible for time and frequency measurement unification both in the field of atomic,
TA(SU) and UTC(SU) and unjversal time UT1(SU) over the whole territory of the USSR. The scientific
head of STFS is the Main Metrological Center, it is situated in Mendeleevo near Moscow.

The National Primary Time and Frequency Standard (NPTFS) of the USSR is the instrumentational
basis for independent realization of the national unit of time interval — second — in a full agreement
with its definition in the SI system and also for the national time scale generation. Then the unit of
time-interval and time scale information are disseminated to secondary standards (SS), Fig. 1, each
of them can keep autonomously the time unit and time scale. The most widespread links for time
comparisons between SS themselves and between SS and NPTT'S are as follows: micrometeorite (MM)
link, portable clock, usually on the basis of HP Cs standard, and beginning from 1988 — on the basis
of a small sized H-maser, Fig. 2, and beginning from the second part of 1989 signals of GLONASS
system in a “common view” mode. For short range time comparison TV signals are usually used.

The independent realization of the time interval unit is performed by means of three laboratory C's
primary standards, Figures 3 through 5. One can find the detailed information on these instrument
in References 1 through 3. At the moment we note only that all the above mentioned instruments
have classical, but to some extend various design with magnetic state separation and their accuracy
is evaluated at present to be about < 2 x 10713, We don‘t use the primary Cs like a clock but from
time to time put it into operation for frequency comparison with an ensemble of continuously ruuning
I-masers.

At NPTT'S we usually usc about 15 commercial H-masers of CH1-70, CI1-80 types, Figs. 6 & 7. These
were designed and manufactured by NPO “QUARTZ” from Nizhnij Novgorod. The actual values of
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H-masers output frequencies are intentionally different from each other by more than 1 x 10712, but
using proper corrections they are recalculated to the same value. The frequency stability of the new
H-masers-of CH1-80 type is significantly better than that of the CH1-70. The common drawbachs
of all our -timekeeping instruments are lack of reliability especially in a clock mode. This prevents
applications of time scale algorithm which need continuous statistical weighting over long intervals.
In Figs. 8 and 9 one can see ten days averaged relative frequency changes for some of II-masers.

Every hour the output signals (1 pps & 5MIIz) from the above mentioned H-masers are compaied
with each other using time interval meter of 0.3 ns resolution. The 1 pps siguals are directly compared,
the phase deviation of 5 MHz signal is preliminary multiplied 100 times and then it produces anothel
set of 1 pps signals. The latter is used for frequency evaluations over short intervals, up to sever.l
days, while scale measurements are based on the former set of 1 pps signals.

On the basis of such a comparisons the relative frequencies of tinie heeping instruments are determined,
and from 3 to 7 H-masers with the most uniform performance are used for time scale generation. Ali
II-masers have the same statistical weight. If a maser changed its frequency we exclude it from the
group, and vice versa, if the frequency of H-maser is quite stable over the period from 2 to 4 weeks
it may be returned to the group. In such a way we generate TA(SU) time scale. The present unit of
time interval is not matched to a current primary Cs value. It means that since initial matching unit
of time TA(SU) is a free time scale supporting by an ensemble of continuously operating Il-masers.

The UTC(SU) time scale has the time unit the same as TA(SU), it is shifted by a constant value and
“leap” second is inserted into it in accordance to IERS circulars.

All §S, Fig. 1, have from 4 to 8 II-masers of CH1-70 type. Each of SS generates an autonomous time
scale TA(SS) which is based on constant time unit. This time unit was established at the beginning
of SS operation and is kept constant on the basis of internal comparisons of the individual Il-masers.
Apart from it, ecach SS taking into account the results of TA(SU) - TA(SS) comparisons generates
UTS(SS), which is matched as precise as possible to UTC(SU).

Up to now the main operational link for time comparison between standards in STES is MM link(®,
We shall show its characteristics on the basis of TA(SU) - TA(Khark) time comparison results, Fig.
11. If one exclude systematic frequency changes between TA(SU) and TA(Khark) and try to estimate
RMS deviation between actual readings and two months averaged values (usually 8 sessions), Figs. 12
and 13, one may find 1o < 40ns. Comparison of the data in a triangle Moscow - Kharkov - Uzhgoiod
shows the accuracy of this link to be about 20 nsl®l,

At the middle of 1989 we started experiments on time comparison via GLONASS in a “common view”
mode. At present we have two navigational single frequency receivers, Figs. 14a & 14b, from which
we succeeded to extract the time information. The time resolution of these instruments including
additional time interval meter is 1 ns. Fig. 15 displays the results of the simultaneous measurements
of the same satellites at two receivers. One may see a high phase stability and resolution of the

whole instrument. The delay time diflerence does not exceed 6.8 & 1.3ns, and its rate does not exceed
0.05 £ 0.1ns/day.

At Fig. 16 one can see results of time comparison at the distance of about 50 km between UTC(SU)
and another secondary standard equipped with 4 H-masers. All links: GLONASS, TV and clock give
the coinciding in the limit of uncertainty estimation of frequency, but differ in time scales to some
extent. Frequency estimations are follows: GL — (1.16 £ 0.16) x 10~ TV — (1.16 £ 0.39) x 10~,
Clock — (0.69 % 0.55) x 101, RMS deviation of readings from the fitted line about 25 ns for GL and
about 35 nS for TV.

98




-One may see quite the same picture for the first GLONASS experiment at the distance of more than
4000 km-between Mendeleevo and Irkutsk, Fig.17 — the values of frequency difference determined by
GLONASS and by the clock coincide, but there is_a gap about 100 nS in scales. The relatively large
readings-scattering, 1o ~ 58ns, is due to lack of experience at the first stage of this activity. In Fig.
18 one can see modern results which show nice agreement with clock time scale comparison and better
precision; 1o & 22ns.

In the second part of this report we would like to analyze the frequency stability of TA(SU) over the
interval of several years.This analysis v ! be based on time comparisons of TA(SU) with TAI and on
frequency comparisons with national primary Cs standards.

The main time link between TA(SU) and TAI is common reception of Loran C 7970 W station emitting
from Sylt in Paris Observatory (OP) and Pulkovo Observatory near Leningrad. Pulkovo Observatory
is-connected with TA(SU) via MM link. In addition from time to time we compare our scale using
portable clock.

Fig. 19 displays the time scale difference TAI ~ TA(SU) for the period of 1985-1989. The Loran C and
clock data are taken from Circular T BIPM. Both dependences have a parabolic shape, they coincide
qualitatively and quantitatively. Such a parabolic shape says that we have a certain frequency drift
rate. The regression analysis gives us the following estimation for this rate: (7.5 £ 0.2) x 10~1*/1000
days for Loran C 7970 W and (8.8 £ 1.0) x 10~'*/1000 days for clock transportation. The 1esult of
clock transportation is not so precise due to lack of comparisons »ud low precision of some part of
comparisons, these are comparisons with labs, which time links with OP have not enough precision.

Besides we have an extra link via reception Loran C 7990Y station in Kharkov and MM link between
our labs. For these calculations we use the USNO Circular series 4 - 'd the BIPM Circular T. This
result presented in Fig. 20. It looks quite similar to Fig. 19 and gives the following frequency rate
estimation — (10.3 & 0.2) x 10714/1000 days.

Summarizing these results we may say that the unit of time interval in the TA(SU) system which is
based on the ensemble of II-masers has a systematic rate < 107'6/day with regard 1o more stable
units in the TAI system.

Taking into account this rate we show in Fig. 21 the residual frequency deviation of TA(SU) smoothed
by moving average over interval of two months. We can't consider these dependences completely
correlated, so it means that the resolution of the experiment was not sufficient for precise detection of
TA(SU) frequency changes. Nevertheless it gives us an opportunity of estimating relative frequency
instability at the interval of 2 months 3 x 10~14.

One may be interested in the following: i> such a frequency drift of the II-maser ensemble unique?
We have the most reliable data on atomic time scale TA(Khark) which is based on the ensemble
of the same H-masers for more than 5 years. The data of time comparisons displayed at Tlig. 11
show the systematic relative frequency drift between TA(SU) and TA(Khark) with the rate about
~ (14.5 4+ 0.2) x 10711/1000 days. Then if TA(SU) has the rate about ~ 8 x 1071/1000 days relative
to TAIL, TA(Khark) is ~ -6 x 10714/1000 days. So we may consider such a rate to be typical for a
free ensemble of H-masers.

If we remove this constant rate from above mentioned results and apply two months moving aveiage
procedure the residual frequency changes are displayed at Fig. 22. Supposing that TA(SU) and
TA(Khark) are equally stable we get an estimation of relative frequency stability of about < 2x 10~1*,

If one compare changes of TA(SU) time u: it against the national primary Cs standard, Lig. 23, it
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becomes obvious that TA(SU) time unit has a relative drift of about (3.3 £ 1.6) x 1071/1000 days.
The value of this drift is less than half that against TAIL

As far as we discuss such a small frequency changes it is interesting how stable are other laboratories
contributing to TAI scale generation. Fig. 24 presents the modified TAI - TA(k) differences for NIST,
NRC, PTB, SU and USNO laboratories. The modifications introduce to the scale a constant time
shifting and a proper constant frequency adding in order to clarify the scale features. One may look
at the obvious similarity in scales — all the scales change the time unit in the same direction —
the second becomes shorter, Fig. 25. The relative rate of this changing depends on the laboratory
and is as follows: (16.6 £ 0.2) x 10711/1000 days, (14.5 £ 0.4) x 10~'1/1000 days, (2.8 & 0.1) x
10~14/1000 days, (8.9 £ 0.2) x 10~11/1000 days, (14.8 £ 0.3) x 10~1/1000 days. Such a correlation
is not our “achievement”, the existence of correlations between individual clock aud scales was shown
in References 8 and 9. We can’t explain this phenomenon, but we hope it should force the time and
frequency community to think once more what have happened, what is the actual value of stability of
national time scales, and what is the best clock?
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QUESTIONS AND ANSWERS

‘Carroll Alley, University of Maryland: Dave, did you visit thefe yourself?
Mr. Allan: Yes, I was there last September.
Professor Alley: How do-they transport the Hydrogen Masers?

Mr. Allan: With difficult: They are not small. They have taken them on several trips — to TAI in
Paris,-to other sites-that they have around the world. I don’t know how difficult it is. The one maser
‘that I:saw there was probably transportable by two people. Our colleagues here could probably answer
that if-you asked them. They have two small maser models, I am not sure which one it is, but they
were-déveloping one-while I was there that had a dynamic magnetic field servo with an attenuation
factor of about-200,000. It looked like it would make a beautiful portable clock. It was fairly small.

Unidentified Questioner: David, what do you know about their passive masers?

Mr. Allan: We will show the data tomorrow night on their passive masers. I think it is fairly new
for them, most of the masers that they-have made are-active-masers. The stability is comparable to
some-that wezhave built, better than some, but not as good as others.

Harry-Peters, Sigma Tau: I thought that it would be an appropriate question to ask whether-these

.nasers:in the-ensembles are being automatically spin-exchange tuned or otherwise tuned to achieve
‘this stability.

‘Mr: Allan: Yes, they are.

Upidg@tiﬁedi Questioner: In the chart that showed. the various links, it showed the different sites
‘where they have the hydrogen masers. How many masers do they have at each site? Do they all have
‘the samie number of clocks?

Mr. Allan: The paper said that they have up to eight hydrogen masers at each of those secondary
sites.

Mr. Thomann, Neuchatel Observatory: Do we know whether they have the same design of
asers:at Gorky and at VNIIFTRI, and is the material for coating of the bulbs the same?

Dr. ‘Demidov: All the coatings since 1975-have been made with F10.
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TIME AND FREQUENCY COMPARISONS IN EUROPE BY MEANS OF ECS 5
GEOSTATIONARY SATELLITE

F. Cordara, V. Pettiti
Istituto Elettrotecnico Nazionale Galileo Ferraris
Corso Massimo d'Azeglio, 42 - 10125 Torino, Italy
Tel. 011/3488933

A. Cenci, M. Fermi, C. Sciarretta
Telespazio S.p.A.
Via Tiburtina, 965 - 00156 Roma, Italy
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Abstract

A time synchronization experiment between some European laboratories
using the passive television method applied- to the signals broadcasted by
Eutelsat I-F5 telecommunication satellite was completed in 1990.

The results obtained in the last period, when also range mea=
surements from a Telespazio ground station were performed, are analyzed to
évaluate the accuracy level of the time comparisons corrected for the efféct of
the satellite movément with position data obtained either from the European
Space Agency~(ESA) or from orbit determination with range data entered into
GEODYN- program of NASA/GSFC.

1 = Introduction

A time synchronization experiment between the time scales of eight
European laboratories using the passive television method |1| applied to the RAI
Uno- signals transmitted at 11.01 GHz by Eutelsat I-F5 (ECS-5 in the sequel)
telecommunication satellite placed in a geostationary orbit at 10° East
longitude, was completed in February 1990.

The aim of this experiment, developed in the frame of Euromet
Project P88/169, was to investigate in the capabilities of these techniques in
order to establish a synchronization system covering several countries in
Europe, yielding good precision in time and frequency calibration with
relatively low cost equipment |2,3].

The laboratories involved in the last period of the experiment are
reported below together with their receiving stations coordinates:
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Laboratory Latitude Longitude Height

(m)
AQCS = Astronomical Latitude Observatory 52°16'37.0"N 1 7°04'23.7"E 129
BOROWIEC, POLAND
ASMW = Amt fur Standardisierung, MeBwesen 52°271'14"N 13¥37'01"E 50
und Warenpriifung - BERLIN, GERMANY
FUC - Telespazio S.p.A. 41°58'41.3"N  13°35'57.1"E 671
- 'FUCINO, ITALY
IEN - Istituto Elettrotecnico Nazionale 45°00'53.6"N  07°38°'20.1"E 297
TORINO, ITALY
STA - Swedish Telecommunication 59°09'54.2"N  18°08'13.5"E 109
-Administration - STOCKHOLM, SWEDEWN
TP -~ Ustav Radiotechniky a Elektroniky 50°07'53"N 14°27'09"E 300
PRAHA, CZECHOSLOVAKIA
TUG = Technische Universitat 47°04'01.5"N  15°29'35.5"E 534
GRAZ, AUSTRIA
‘VSL -~ Van Swinden Laboratorium 51°59'58.9"N  04°22'50.7"E 60

DE;;FT, THE NETHERLANDS

The receiving stations used, with the exception of the Telespazio -

Fucino ground station, were made of commercial TV satellite receivers and

antennas with diameters varying from 0.9 to 3 m.

The daily measurement schedule followed in each laboratory
consisted, up to January 1990, in two sets of 25 time interval measurements,
twelve hours apart, between the local UTC and the trailing edge of the first
field synchronizing pulse of the video signal. Since January 1990, when the
range measurements from the Telespazio ground station were also performed, the
measurement schedule was updated to have more synchronization results.

In Fig. 1 are reported the comparison results between UTC(IEN) and
the time scales of TUG, STA and TP obtained via ECS 5 for the period November
1389 - February 1990 corrected for the satellite position data supplied by the
European Space Agency (ESA). In the figure are also reported the differences
every ten days computed from BIPM Circulars T, in the case of TP, or the daily
differences computed via GPS common-view in the case of STA and VSL.

As reported in previous works on this subject [2,3|, it can be seen
that a precision of some hundreds of nanoseconds can be achieved by correcting
for the satellite position parameters supplied by the control station with an
uncertainty of some kilometers.

The peak-to-peak fluctuations of the synchronization results are
also strictly dependent on the baselines between the laboratories involved that
varied from some hundreds of kilometers up to 1700 kilometers in the IEN/STA
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Y¥ink. The differences between the synchronization results, obtained with ECS 5
and the synchronization systems already established, are mainly due to an
insufficient evaluation of the differential delay of each pair of recsiving
equipment. This is more evident in the case of UTC(IEN) - UTC(TP) where the
unicertainty reaches 1.5 us, due also to the synchronization link used to relate
TP to UTC (long distance terrestrial teélevision link).

" Since November 1989, the daily measurement schedule was changed to
verify if the diurnal effects due to the satellite movement, still present in
the synchronization results, could be reduced computing the time differences at
‘half-sideral day intervals, but no appreciable improvement was obtained with
this. procedure. ’

2 — Range measurements

From Januery 3™ to February 20, 1%90, range measurements were
performed every hour at the Telespazio-Fucino groundstation where the RAI Uno
signals are transmitted to ECS 5. A porizble cesium clock was also installed at
Fucino- as a local reference to perform every hour synchronization measurements
with the- other time scales.

The equipment set-up is shown in Fig. 2; each measurement sequence
started: with the time difference between the local 1 PPS reference UTC(FUC) and
the first selected TV synchronizing pulse received from the satellite and was
féllowed by a range measurement beginning after a 3060 ms delay for
instrumentation reasons. This measurement was stopped by a TV pulse from ECS 5
after nearly 250 ms (Fig. 3). The measurement resolution was 0.5 ns. The range
values measured at Fucino have been reported in Fig. 4 together with the range
computed for Fucino from ECS-5 orbital parameters supplied by ESA--Redu control
station. The differences between the two sets of range data are reported in Fig.
‘5 :.wheré a maximum difference of about 1 km can be observed. This is mainly due
~to the uncertainty of the ESA parameters and, to a lesser extent, in having
"disregarded- the satellite transponder delay. The typical standard deviation of a
set of 25 range measurements, using the synchronizing pulses, was 1 meter.

In Fig. 6 are reported the synchronization results between UTC(IEN)
and UTC(FUC) for February 1990 and, with crosses, the average of a pair of
adjacent synchronization data at a half-sideral day interval. A considerable
reduction of the daily fluctuations is obtained but a long-term excursion of +1
us is still present. Looking at ECS longitude data for the same period (Fig. 7},
with the same averaging process applied, it can be noticed that the excursion
séen before matches very well the longitude-drift of the satellite. These
synchronization results have been therefore corrected only for the effect of the
mean longitude variation obtained from ESA position data and for the
differential delay of the two stations (Fig. 8). In the same graph is reported
with a dashed line the mean rate of the cesium clock at Fucino during the
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experiment versus UTC(IEN) that was of +96 ns/d; the mean rate evaluated by
means of ECS-5 has been found equal to +92 ns/d. The residual daily fluctuation
of the order of 200 nanoseconds peak-to-peak, 1is of the same order of that
obtained averaging synchronization data at 12 hour interval.

The bias of about 0.6 us between the two curves is due to the fact
that it was not possible to evaluate separately the receiving and transmitting
delay of the Fucino groundstation and that the delay of the Test Loop
Translator, used for the measurement of the total delay, is not known.

The total delay of the Fucino transmitting and receiving station,
measured during the experiment, was found equal to 3.918 us with an uncertainty
of + 7 ns.

The delay of the IEN station, measured by means of a satellite
simulator, as described in |3|, was found equal to 0.851 us with an uncertainty
of + 15 ns. The iong-term stability of this delay has also been investigated for
six months after having stabilized the temperature inside the satellite
simulator within + 1 K.

The measurement results, reported in Fig. 9 together with the
outdcors temperature, show a correlation between the temperature and the delay
variation.

3 — Orbit determination of ECS 5

The precise orbit determination of ECS 5 geostationary satellite has
been performed at Telespazio using the range measurements collected in the
period January 30 -~ February 20 199C :nd discussed in the previous section.
The travel times of TV synchronization :jgnal, from Fucino ground station to ECS
5 satellite and back, have been preprocessed, converted into one way range
measurements and formutted intc a suitable format for GEODYN program to compute
satellite orbit.

GEODYN is a NASA/GSFC program routinely used at Telespazio to
analyze laser ranging data to LAGECS and other geodetic satellites for precise
orbit determination and geodetic parameter estimates. This program represents
the state-of-the-art in modelling forces acting on satellites and has the
capability to process various types of observations.

The model implemented into GEODYN to analyze the data is summarized
in table 1. In our model we took into account the gravity of the Earth, with its
spherycal harmonics for some low degree and order terms, together with the
gravitational forces due to the Sun and the Moon. Furtherly, we took into
account perturbation due to the solar radiation pressure.

Due to the limited tracking geometry, we were not able to estimate
the full state vector of the satellite. In fact ranging measurements from one
station only do not allow the estimate of the eccentricity and the inclination
of the satellite |4|, for this reason we fixed these elements at the a priori
values provided by ESA.
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Table 1 -:GEODYN setup for the ECS 5 orbit determination

ECS 5 CONSTANTS
Satellite Mass 656.5 Eg
Satellite Area 20.42 m
Nominal Reflectance Coefficient 1.2
KINEMATICAL MODEL

Precession IAU 1976
Nutation TAU 1980
Lunar and Planetary Ephemeris JPLDE118
Reference System 1950.0
Earth Semi Major Axis 6378144.11 m
Flattening 1/298.255
DYNAMICAL MODEL
Gravity field GEM-T1(8x8)
h2, 12 0.6040, 9.085% -
GM 3.98600440x10 m /s
Gravity from Sun and Moon applied

'METHOD OF -ANALYSIS

Single-arc with variable length
COMMON PARAMETERS ESTIMATED IN THE SOLUTION
No common parameters estimated in the solution
ARC :PARAMETERS ESTIMATED IN. THE SOLUTION
- Four Kepleriar. elements, Eccentricity and Inclination fixed at the
a priori values
—~ Solar radiation coefficient

The entire data set has been divided into two subsets which were
analyzed separately. The first subset lasts from the 29th of January to the 7th
of February at 00:00 UTC, while the second one lasts from the 7th of February at
12:30 UTC to the end of the data collection. The analysis of the entire data set
was not possible because some manoeuvres have been made on the satellite.

Furtherly in the morning of the 7th of February some improvements in the data

acquisition system were applied.
Some results from data analysis are summarized in table 2, where in
the first column DATALl refers to the first data subset and DATA2 to the second.

Table 2 — Results of ECS 5 orbit determination

N. of Accepted Mean of RMS of RMS of
obs. obs. orbit resid. orbit resid. poly.-resid.
(m) (m) (m)
DATA 1 4000 3995 0.0 1.6 1.4
DATA 2 6275 6147 0.0 1.1 0.64
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The second column gives the total number of observations relevant to the two
data sets, while the third refers to the observations not edited after fitting
the range data with the estimated orbit of the satellite. The fourth and the
fifth columns give respectively the average and the RMS of the orbit residuals.
Let us note that the orbit fit seems quite good. The RMS, given in the sixth
column, are referred to the residuals obtained by fitting with a polynomial the
orbit residuals. Therefore they give an indication of the '"single shot"
measurement noise. The reduction of the noise of the observations after the
improvement of the data acquisition system is evident. Let us now discuss
briefly about the errors associated with the estimated orbit. The RMS of orbit
residuals at the 1 m level does not mean that the state vector of the spacecraft
is known at the same level of precision.

The estimated formal errors in the satellite position and velocity
are given in table 3. The improvement in the DATA 2 estimates is mainly due to
the more robust statistics of the second data subset.

Table 3 -~ Scaled formal errors

RMS of RMS of

position velocity
(m) (m/s)
DATA 1 388 0.028
DATA 2 95 0.007

Table 4 shows a comparison between Telespazio and ESA estimates. The
differences are of the order of few kilometers which is what could be expected
taking into account the errors associated to the ESA estimates which are of the
same order of magnitude.

Significant reduction of the satellite position errors could be
achieved by improving the statistics and geometry of the observations (e.g. with
multiple tracking stations, the use of very accurate pointing angle
observations, longer tracking period etc.).

Table 4 — ESA vs. Telespazio (TPZ) estimates comparison

DATA 1

ESA TPZ TPZ-ESA
x(m) 34938980.3 34941001.7 2021.4
y(m) -23574697.3 -23571733.1 2964.2
z(m) 45867.6 45366.1 -501.5
x(m/s) 1720.424 1720.196 -0.228
y(m/s) 2549.790 2549.943 6.153
z(m/s) 1.821 1.887 0.066
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DATA 2

ESA TPZ TPZ-ESA
x(m) 38164955.1 38160760.5 -4194.6
y{m) =17887232.7 -17895895.3 -8662.6

. z(m) 30435.4 30611.6 176.2
x{m/s) 1305.610 1306.237 0.627
y(m/s) 2785.039 2784.751 -0.288
z(m/s) 0.679 0.635 -0.044

The results so far obtained are very promising. They suggest that
the :method of -passive TV ranging is a quite good method for geostationary
satellite tracking with an intrinsic precision better than 1 m. This precision
is impressive, if compared with that obtained with the actual ranging based on
VHF -or S Band tracking, in particular considering the simplicity and economy of
the used system.

4 - Use .of Telespazio position data to correct the synchronization results

The position data of ECS 5 obtained from the range measurement with
the procedure explained above, have been used to correct the synchronization
data: obtained for the period January 30 - February 20, 1990 for some of the
laboratories involved, namely TUG, STA; VSL. The results, which are reported in
Fig. 10, have also been corrected for the differential receiving delays: an
accurate evaluation was possible in the case of TUG, STA and VSL because the GPS
measurements were used to éstimate the difference between the time scales and
consequently to compute the mean differential delay for a satellite position
given by GEODYN program. The GPS comparisons between the aforementioned
laboratories have also been reported in Fig. 10.

In table 5 some figures are given to compare the performances of the
ECS 5 synchronization system to the GPS common view:

Table S -~ ECS 5 versus GPS time scales comparisons ~ February 1990

UTC(IEN)-UTC(TUG) UTC(IEN)-UTC(VSL) UTC(IEN)-UTC(STA)

mean rate (GPS) +35 ns/d +15 ns/d +13 ns/d
méan rate (ECS S) +48 ns/d +11 ns/d +23 ns/d
std. dev. of residuals 82 ns 78 ns 100 ns
n. of samples a5 36 32
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From the mean rates reported above, it can be seen that frequency
comparisons with an accuracy of some parts in 10 for observation times of 20
days have been achieved in this synchronization experiment.

5 = Conclusions

The results obtained in the synchronization experiment between some

European Laboratories, based on the passive television method applied to the

signals received from Eutelsat I-F5 (ECS 5) geostationary satellite and on range

measurements from one station, always using TV signals, have shown that:

- it is possible to det.rmine the satellite position from the range measurements
with an accuracy of 1 km or better;

- using these position data to correct the synchronization results, time
comparisons on long baselines with a precision of 100 ns (10 ) can be
performed; 13

- an accuracy of some parts in 10 in frequency comparisons can be achieved,
over observation times of 20 days, using the same correction procedure.
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A HIGHLY STABLE CRYSTAL OSCILLATOR APPLIED TO GEODETIC
VLBI EXPERIMENT

Hitoshi KIUCHI and Jun AMAGAI
Kashima Spacc Research Center, Communications Research Laboratory
893-1 Hirai, Kashima, Ibaraki 314 Japan

ABSTRACT

Instead ol a hydrogen maser, a carefully selected Crystal oscillator which is
:phase-locked (o a Cesium (Cs) [requency standard for time range of more than 100 seconds
4s adopted to-the time and frequency standard -of a geodetic VLBI experiment. The
:domestic VLB cxperiment with 55km baseline using the Crystal oscillator at one end was
smade in-Japan-and the obtained crror of the baseline vector components were 4cm, and that
-0f the baseline length was 3cm. This system may be operated after only 2 hours warm up.
These results coincides with those of conventional geodetic Laser ranging and VLBI using
a hydrogen maser within the formal error. A VLBI experiment with over 1000km
baselines were carried out successfully from October 1988, and over 11000km baseline
‘between Japan and Antarctica was carried out successfully in January 1990.

1. INTRODUCTION

Very long Bascline Interfcrometry (VLBI) is one of the most accurate modern positioning
techniques.  Although it was initially developed by astronomers as a tool to improve the angular
resolution of radio telescopes, it was realized that it would also be an ideal geodetic instrument.  In
usual VLBI experiments made for geodetic purpose, each antenna receives signals from a radio
source for a hundred scconds or more in one observation. This observation is repeated changing
between dozen or more radio sources during a nominal 24-hour session. A single experiment
therefore consists of a hundred or more observations.  The frequency standard of VLBI must be
stable over a long time range (more than 100sec) as well as a short range (less than 100sec). Short
time range stability is cssential for maintaining the coberence and long time stability is necessary for
regulating the time of observations.  The hydrogen maser oscillator satisfics these requirements and
this is a rcason for its use for VL3I However, resent technology has improve the stability of
Crystal oscillator (AT-cut resoniator of the BVA style). The possibility of Crystal oscillator as a
[requency standard of VLBI will now be discussed. A hydrogen maser {requency standard with

stability better than 10~ 14 has been playing an important role in the VLBI experiments. Maintaining
the coherence of the reeeiving signal of cach station is one of the most important factors in VLBI data
acquisition. While the stability of the atmosphere which causes phase scintillation, is about 10~ 13
as measured by VLBI. The atmospheric scintillation degrades the coherence of VLBI data, which is
independent of the phase fluctuation of hydrogen mascr. Rescarch work in the Crystal oscillators
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‘has made remarkable progress in recent years, and the stability of the selected Crystal oscillators
reaches 0y(t< 100sec) = 3x 107 I3 4 value comparable to the stability of the atmosphere. Therefore
thespotential for obtaining a good [ringe by using the Crystal oscillator instead of the hydrogen maser
exists. The main purpose of the new frequency reference system development was to contract a
highly tansportable time and {requency standard for VLBI, and in our case we adopted a Crystal
oscillator for VLBI frequency reference. The Crystal oscillator has advantages for space technology
application (Space VLBI etc.), and transportable VLBI because it satisfies the requirements of small
size. light weight, and ascismatic structure.

A new frequency system which constructed a Crystal oscillator whose phase is locked to
that of « Cesiumfrequency standard (Crystal-Cesium system) has been developed for time ranges of
over 100 sceonds, as the stability of Cesium frequency standard is better than that of a Crystal
oscillator for long term ranges. First of all, zero and short baseline interferometer experiments were
carried out to assess the performance of the Crystal-Cesium system and to find the optimum data
analysis method for using Crystal-Cesium system. Secondly, the 55km baseline (a reference
bascline in Japan, which has been measured 5 times by VLBI and other methods) VLBI experiment
was made in order to provide & comparison with conventional results and to determine optimum
integration time for this system. As a result of these experiments, the baseline vector was obtained
with an crror o 4.3cm on cach component, and 3.4cm on its length.

2. Potential of the Crystal oscillator as the VLBI frequency standard

The stability of frequency standard in a short time period is an important factor in maintaining
the coherence of received signals in VLBI experiments.  However VLBI observation from the
ground always suffer from the atmospheric scintillation effect, resulting in a loss of coherence.
Therefore the stability ol the atmosphere determine the limit of requirement for that of frequency

standard in a short time range. The stability of atmosphere was measured to about 1x10-13 at
100sec by domestic VLBI (Fig.1), this result being almost same as thosc of  Rogers and our
measurcments (Table 1). The stability of hydrogen maser is 1x10-14 at 100 scc and it is stable
cnough compared with the atmosphere, while recent technology progress has provided a stability of
3x10713 for Crystal oscillators, which is almost the same as the atmosphere's stability. A Crystal
oscillator is strongly proposed as a {requency standard for VLBl in ashort time range.
The requirements for the VLBI frequency standard are as follows;
(1) To keep the signal coherence during integration time.
(2) Phase variance of the clock instability should be better than accuracy of the
mceasurement.
The coherence loss Le due to the instability of frequency standard in 100sce integration time is
cstimated by Eq.1.

Le=wo2(ap/6 + al/12*T + 0y2/57%T2)  covesesrsvennem )
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where Lc: loss of:coherence
wo:-angular-frequency of local oscillator
(8080MHz in X band) [rad/sec]
ap: -Allanvariance ol white phase noise at | sec

(1x10-13)2 : hydrogen maser at Kashima
of: Allan variance of white frequency noise at | sec
(7x10-14y2 : hydrogen maser at Kashima
oy2:Constant Allan variance of flicker frequency noise
(5.5x10-15)2 : hydrogen maser at Kashima
(3x10-13 y2 : selected Crystal

T: Integration time [sec]

The stability of the hydrogen maser at Kashima is shown in Fig.2. According to Eq.1, the
1.23x10-4 and 0.041 respectively, and compared with the loss due to 1 bit sampling (Loss=0.36) at
data:acquisition they arc small enough-to be ignored. Long werm stability of the frequency standard is
‘necessary for regulating the results of :ach observation when analyzing them. Though the long term
stability of the Crystal oscillator is not acceptable for VLBI, the high performance Cesium frequency

‘standard-has a superior stability in a long term ( oy(t>100) <=3x10-13). But if only Cesium is used
in VLBI experiments, it is impossible to keep the coherence of the X band signal, as the stability of

Cesium is worse than oy=10-12 in short term during signal integration. Hence a frequency
standard, which has the stability of the Crystal in a short time range and that of Cesium in a long
lime range;. is needed (o satisly the requirements of VLBI and can be realized by using a Crystal
oscillator-with its phasc locked to the Cesium frequency standard in a long time range.

The required stability of this cquipment is the shaded area in Fig. 3. Stability
measurcments with Zero Baseline Interferometry and the short baseline VLBI experiment were
‘made.

3. The stability measurement with Zero Baseline Interferometry

Stability was measured with Zero Baseline Interferometry (ZBI) (Fig.4). This method
used the K-3 VLBI system which was developed at CRL. System noise of this method is very low
and this measurement is realistic method for VLBI cxperiments, because the performance of the
oscillator is measured in the same configuration. In VLBI, the geodetic reference point is the
intersection point of axes o Azimuth(A2) and that of Elevation(El), and is a stationary point. In ZBI
method, both receiving systems are mounted on a same antenna. In this case, the baseline Iength is
zero, becausc the geodetic reference point is common for both systems.

The common noise generated by Noise Diode is injected to both X band feeder systems.
The reference signal is supplied to one system by a hydrogen maser and to the other by the test
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Trequency syslem(DUT : Device Under test). A cross correlation was made between the two
systems in real time by using the K-3 VLBI correlation processor. Then the resulling stability was
‘equivalent 1o both references.  In this casc, the DUT's are a Cesium, a Crystal and the Crystal-
Cesium system. This method is a modified DMTD (Double Mixer Time Difference) method. The
results arc shown in Fig.5, which shows the detected fringe phase in the X band. It is possible to
Tind out the long term characleristics in stability of the [requency standard. The result of using
Crystal oscillator (Fig.5a) shows random walk over the long term caused by the external
‘iemperature change. When using Cesium [requency standard (Fig. 5b), the fringe phase is stable in
the long term. And in casc of using a Crystal-Cesium system frequency standard (Fig.5¢), the fringe
phasc is as stable as when using only a Cesium frequency standard. Fig.6 shows the observed delay
in X band. This detected fringe phasc is the respective instrumental delay of two systems. It is
possible to find vut the capability for keeping coherence. When using Crystal oscillator (Fig.6a), it
is possible to get a good fringe, and the determined delay is stable. When a Cesium frequency
standard is used (Fig.6b), the determined delay changed as much as 100 nsec, and thus it is
impossible to keep the coherence in the X band. This means the Cesium frequency standard is not
suitable for the frequency standard of VLBI in the X band. The results from the Crystal-Cesium
system (Fig.6c) have the same characteristics as those from when only the Crystal oscillator was
used.

Fig.7 shows that the coherence depends on integration time, and it is calculated directly from
the correlated data. It is possible to tell coherence from this Figure.

Fig.8 shows the stability of the Crystal-Cesium system, .which is measured by the detected
[ringe.

These results show that the Crystal oscillator has a good short term stability but it is inferior
W the Cesium frequency standard in the long term, while a Cesium standard has a excellent long
term stability but itis unusable for X band VLBI experiments. The Crystal-Cesium system is very
closc (o meeting requircments.

4. Estimation of the optimum integration time for the Crystal-Cesium system

The SNR of VLBI is calculated by Eq.2.
SNR=|n*Sc/3k]*[D1*D2*SQRT(n1*n2)/SQRT(Ts1*Ts2)]*SQRT(2BT)*p ....... )

where  Sc: correlated flux ol source  k : Boltzman constant
D :diamcter of the antenna 7] : antenna efficiency
Ts : system temperature B : band width
T :integration time
p=(2/7)*0.6*SQRT(3/4)
: D e Fringe stopping loss
letvereererrerernenaans Scintillation loss
e I bit sampling loss
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The coherence loss is cxpressed by Eq.l. There is an optimum intcgration time which
gives the maximum SNR™coherence, and an estimate of this suitable integration time is shown in
Fig.:9. Fig.9 (a) shows the cstimated SNR*coherence were a fixed Cesium stability (oy(1)=3x10"
12)) and variable Crystal stability arc used. Fig. 9(b) shows the opposite situation (fixed Crystal
stability and variable Cesium stability), where fixed Crystal stability is  oy(1)=4x10-13. The
optimum integration time depends on the stability of the Crystal oscillator and that of the Cesium
[requency standard. When using high performance commercial Cesium, the SNR*coherence has a
maximum valuc at about 120 scc integration time. As in this case the clock error is less than 0.05
nsce, it can be said that the optimum integration time is 120sec for this system. It is possible to use
the-data with SNR better than 7 for VLBI data analysis. In other words, the Crystal-Cesium system,
which can get SNR of better than 7 in 120 scc integration time can be used with the VLBI antenna
pair.

5. The 55km baseline experiment

An experiment with the 55km baseline, which is regarded as a reference VLBI baseline in
Japan, was made immediately after JEG-5(fifth Geodetic VLBI experiment between Tsukuba GSI :
Geographical Survey Institute, and Kashima CRL using hydrogen masers at both stations) and the
schedule of JEG-5 was repeated, in order to avoid problems arising from the change of the
propagation media error. A Crystal, a Cesium frequency standard and a PLL circuit were
transported from Kashima to Tsukuba 2 hours before the start of the experiment. The 26m Az-El
type Radio telescope at CRL Kashima and the Sm Az-El type Radio telescope at GSI Tsukuba were
used. Both Radio tclescopes are equipped with the K-3 VLBI system. A hydrogen maser
[requency standard is used as the reference signal at Kashima station and the Crystal-Cesium system
is uscd at Tsukuba station. Other parts ol the system were the same as the JEG-5 experiment. The
cxperiment was done for 24 hours, and the cross correlation was made in Kashima. The results are
shown in Table.2. In order to compare the accuracy dependence for the integration time, the results
for the lollowing three cases were analyzed.

casc I :Sameintegration time as JEG-5

(80 1o 300scc integration time which depends on the source {lux)
casc II : Intcgration time fixed for 120sec.
case III :Integration time fixed for 60sec.

The most accurate result is obtained with a 120scc integration time (case II). In case I,
some correlated peak (fringe phase) on delay rate is detectable, and shows that the rate changed
within the integration time. In case II, it is impossible to get SNR better than 7 at the weak radio
sources. The difference between the result with the hydrogen maser(JEG-5) and that of the Crystal-
Cesium system (case II) is less that 4.3cm in bascline vector and 3.4cm in baseline length.
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6. Application of the Crystal-Cesium system to the 1000km+ baseline VLBI
experiments

The over 1000km bascline VLBI experiments were made from October 1988. The first
-experiment between Kashima and Wakkanai, the northernmost  part of Japan. In this experiment,
the highly transportable VLBI station which consists of a 3m antenna, the antenna control-unit, the
K-4 VLBI system and the Crystal-Cesium system, was operated in Wakkanai. This system is the
smallest VLBI data acquisition system in-the world. Generally the measured accuracy of VLBI
worsens as antenna size decreased, but this-system has overcome the problem through the wide
bandwidth receiving. The receiving bandwidth (273MHz effective band width) is twice as wide as
‘the normal X band bandwidth (128MHz) in CDP experiment. The K-4 VLBI system is a data
acquisition system which was devcloped at CRL for application in transportable VLBI station. The
direction of the bascline vector was approximately North-South.  Good fringes and the good results
were obtained. [rom this system. The baseline vector was obtained with errors of 5.1cm in the X,
3.8cm in the Y, 6.2cm in the Z components, and the an error of 1.5c¢m in its length on VLBI
coordinate. The errors of 1.4cm in the North-South component, 1.0cm in the East-West component
‘(horicontal components) and 8.7cm in vertical component were obtained. The results show that
sensitivity in-horizontal components is good, making analysis of plate motion possible, and also
shows the effectiveness of the Crystal-Cesium system for VLBI frequency standard even for VLBI
experiments with baselines over 1000km.

In January 1990, the Antarctica VLBI was carried out. The equipments were same as the
Wakkanai VLBI experiment climinate the antenna system. The Crystal-Cesium system was operated
in Antarctica, and we can get the good geodetic results. The baseline vector was obtained with errors
within 20cm.

7.DISCUSSION & CONCLUSION

Instead of a hydrogen-maser, a carefully selected Crystal oscillator which is phase locked to
a Cesium  frequency standard for time ranges 100 seconds is adopted to the time and frequency

standard of a geodetic VLBI experiment.  The stability of the atmosphere is about 10-13. The
atmospheric scintillation degrades the coherence of the VLB data, which is independent of the phase
fluctuation of hydrogen maser. It is impossible to avoid to this effect even if a hydrogen maser is
used.  Research work in the Crystal oscillators has made remarkable progress in recent years, and

the stability of selected Crystal uscillators reaches 3x10-13, a value comparable to the stability of the
atmosphere. Therefore the potential for obtaining good {ringes by using the Crystal oscillator
instead of the hydrogen maser exists. But the Crystal oscillator is inferior to a Cesium frequency
standard in long term stability. A frequency standard, which has the stability of the Crystal in a short
time range and that of Cesium in a long time range, is necded to satisfy the requirements of VLBI
and can be realized by using a Crystal oscillator with its phase locked o the Cesium {requency
standard in a long time range. The main purposc of the new frequency reference system
development was 1o contract a highly transportable time and frequency standard for VLBI. The
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Crystal oscillator has advantages for space technology application (Space VLBI etc.), and
transportable VLBEbecause it s satisfies the requirement of small size, light weight, and ascismatic
structure.

This system can be used for VLBI frequency standard, and it has advantages for usc with a
transportable VLBI system, but its accuracy is worse than that of a hydrogen maser system.
Although ambient temperature control was not considered, cxlernal temperature control is desirable
lo keep the stability of the Crystul in Flicker in using the Crystal oscillator, as it has a strong
dependency on temperature. . We expect to develop the Crystal oscillator which has a stability better
than-1x10-13. The coherence loss caused by this stability is 0.0045, which is small enough for
keeping coherence.

The domestic VLBI experiment with 55km baseline using the Crystal oscillator at one end was
made in Japan and the obtained crror of the baseline vector components were 4em, and that of the
baselinc length was 3cm. This system may be operated after only 2 hours warm up. These results
coincide with thosc of conventional geodetic Laser ranging and VLBI using a hydrogen maser within
the-formal error. A VLB cxperiment using this system with over 1000km baseline was carried out
successtully-in Oct. 1988 and over 11000km baseline between Japan and Antarctica was carried out
-successfully in Jan. 1990.
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Fixed stability of the Cesium Frequency Standard [ 6 (7 =1) = 3x10°'%]

Stabxhty (()f Cxl' ystal oscillator Naximum SNR point in Integration Time
v =
SNR 3x10-13 190[sec]
4x10- 12 1 84
- 5x 1013 177
6xp0-1t3 169

. , TIME
1 10 100 1000

Fig. 9 (a) Estimated SNR* coherence (fixed Cesium stability)

Fixed stability of the Crystal Oscillator [ 6 ,( 7 =]) = 4x10°1%)

SNR Stability of Cesiunm Fre(}uency ¥aximun SNR point in Integration Time
- Standard in ¢ 4(
3x10-12 184(sec
§x10-12 118 J
5x10-12 100

. , . _TIHME
1 10 100 1000
Fig. 9 (b) Estimated SNR* coherence (fixed Crystal stability)
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Table I Atmospheric {luctuation in Allan standard deviation

Allan Standard_Deviation

CASE-II

o1 ) 161 1612 Comments
- - 75 LR ?[l - [ ] L) fl’ll -
L] 0.8E~13, December 1979, 22.2 GHz, Rogers(1881)
. 1.4E~13, July~Aug 1980, 4.2 GHz, Kawano(1982)
. 2.0E~13, April 1983, 89 GHz, Rogers(1£84)
(3 Y SR 1.2E=13, JULY 1984, 8.4 GHz
. "1 0.96~13; December 1984, 8.4 GHz-
z 1 [ I ] L" hodal § 1 1 CE I S |
Table 2 Observed baseline components in 55km baseline experiment
X L0 Y gy yA ¢ B e
_JEG-5 -3957171.259 [ 0. 020 3310237.094 | 0.017 | 3737708.499 | 0.022 | 54548.556 | 0.007
CASE- T -3957171.290 | 0.089 3310237.040 | 0.082 | 3737709.506 | 0.093 |[54548.502 | 0.026
_CASE- T -3957171.302 | 0.075 3310237.085| 0.061 | 3737709.514 | 0.077 |54548.522 | 0.021
-3957171. 377 | 0.112 3310237. 141 | 0.099 | 3737709.596 | 0.110 |54548.522 | 0.031

*.

in {m])

JEG-5 : Using Hydrogen maser. integration time(80 to 300sec) is dependent on Source.
CASE-1 : Integration Time is same as using Hydrogen Yaser(80 to 300sec).

CASE-H : Integration Time is fixed in 120sec.

CASE-T : Integration Time is fixed in 60sec.
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QUESTIONS AND ANSWERS

Professor S. Leschiutta, University of Turin: First, what was the type or model of crystal
oscillator used, and second, what order of servo loop and, if a simple loop, what was the time constant?

Mr. Hamma: The oscillator was a BVA oscillator from Oscilloquartz. (Editors note: The following
answer was not available at the meeting, but was obtained later by private communication.) The loop
was a quadratic one (second order) with 73 =~ 100 seconds and 7, ~ 250 seconds.
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GPS TIME TRANSFER
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D. W. Allan
National Institute of Standards and Technology
Boulder, Colorado 80303, U.S.A.

M. Granveaud
Observatoire de Paris
61, av. de I’Observatoire
75014 Paris, France

W. J. Klepczynski
U.S. Naval Observatory
Washington, DC 20392-5100, U.S.A.

W. Lewandowski
Bureau International des Poids et Mesures
Pavillon de Breteuil
F-92312 Sevres Cedex, France

Abstract

The international community of time metrology is facing a major challenge with the Selective Availability
(SA) degradation of GPS satellite signals. At present there are 6 Block I satellites and 8 Block II satellites
operating. According to the policy of the U.S. Department of Defence the Block 1 satellite signuals will not be
degraded, but these satellites are old with a finite life. The Block II satellites, which have all been launched
since 1988, were subject to Selective Availability from March 25, 1990. The effect of SA should be to limit
precision to about 100 meters for navigation and 167 ns for timing.

A study has been conducted in order to understand the nature of the actual introduced degradation, and
to elaborate the means of removing the effects of this degradation on time transfer. This study concerns the
time extraction from GPS satellites at NIST, USNO and Paris Observatory, and the comparison of atomic
clocks between these luboratories by common view approach. The results show that when using the duta taken
over several days the time extraction can be achieved with uncertainty of a few tens of nanoseconds, while strict
common-view has reroved entirely the effects of SA during the periods under study.

INTRODUCTION

Over the past ten years non degraded GPS satellite signals have become the principal toul for naticnal
and international comparisons of atomic clocks. Using GPS, time transfer is now ten times more
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accurate than it was using LORAN-C. The introduction of GPS has led to a major improvement of
world--wide time metrology in precision, accuracy and coverage. With GPS, time comparisons are
performed with an accuracy of a few nanoseconds for short baselines (up to 1000 km) and 10 to 20
nanoseconds for intercontinental distances. This makes it possible to compare the best standards
in-the world at their full level of performance: for integration times of only 10 days, the frequency
differences between atomic clocks are measured at the level of one part in 1014. The most recent
studies!!’ 2 show further improvements.

Thus, GPS has brought a major contribution to such activities as the establishment of International
Atomic Time (TAI), the realisation of the NASA’s JPL Deep Space Network (DSN) and the studies
of millisecond pulsars. All this was done with an undegraded GPS, free of Selective Availability.

Unfortunately, since the GPS concept was born in 1973, different ways to prevent civil users having
access to the entire accuracy of the system have always been under consideration!3: 4. The type of
degradation of GPS signals, called Selective Availability (SA), have now been approved. On the 25th
of March 1990 SA was officially implemented on Block II satellites. The effect of SA should be of
about 167 ns for timing,.

The 6 Block I satellites are not affected by SA but they are old and in 1993, when GPS will be
declared fully operational, these satellites will probably be turned off and the whole constellation will
be composed of Block II satellites, all affected by SA. Does this represent a disaster for time metrology
and the return to LORAN~-C epoch? Perhaps not.

The SA affects direct access to GS time most severely. This access is degraded by a factor of up to
ten. Even with SA, however, the GPS time is distributed with uncertainty better than 1 microsecond
which is satisfactory for many aon-metrological applications. In addition, as this study shows it, a
smoothing over a period of several days removes most of the SA effects, and reduces the uncertainty
of access to GPS time to several tens of nanoseconds.

One major problem could be the impact of SA on high accuracy time comparisons. Here again an
appropriate treatment of data can entirely remove the degradation of the GPS signal. The realisation
of a strict common-view between two laboratories (synchronization of observations within 1 second)
completely removes the paase jitter of satellite clock. The elimination of the impact of ephemerides
degradation is much more arduous: this requires Jdelayed access to precise ephemerides for correcting
the degraded broadcast ephemerides.

Yet, the official implementation of SA has reserved us two pleasant surprises: as this study shows, the
broadcast ephemerides appear not to be degraded, and on the 10th of August 1990 SA was removed
from Block II satellites.

DEGRADATION OF GPS SIGNALS

The degradation of GPS signals is linked with the history of the development of GPS. At first the
project was no more than the reservation of P- code for authorized users with ultimate uncertainty of
real-time positioning of 16 m. It was intended that C/A code would be accessible to all users and
would have a capacity of 100 m for real-time positioning. After the launch of first GPS satellites
it became clear that the performance of C/A-code is much better than expected: instead of the
announced 100 m uncertainty, users equipped with cheap C/A-code reccivui. were able to easily
obtain 30 m. Tkis has lead the DoD to review its policy cencerning availability of GPS to the general
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publi’(_:.

The concept-of Selective Availability was born with the intention of degrading the positioning accuracy
for-Standard: Positioning Service (SPS) users to 120 m{3l. All Block II satellites are subject to SA.
In addition. to SA,-an Anti-Spoofing (A.-S) mode of operation can be activated. This is a method
of-protecting military operations against adverse imitations of P-code by encryption of P-code. The
encrypted P—code-is-denoted Y-code. The A-S does not affect C/A-code. Receivers equipped with
the-utility to-remove-the effects of S/A and A/S are called Precise Positioning Service (PPS) receivers.

According to the information accessible to the civil community, SA should consist of:

1. a phase jitter of the satellite clocks, the effect of which can be removed by a strict common view
for time transfer, and

2. a changeable bias in the broadcast ephemerides.

The;i}et of the two SA effects is about 100 meters for navigation and 167 ns for timing. Some of the bias
in-the ephemerides will cancel in common view. The smaller the baseline the more the cancellation.

Since'the concept of limiting access-to P-code to PPS users only was withdrawn and SA was introduced
instead, P-code receivers have became available on- the market for the general public. However these
owners of P=code receivers are unable to eliminate the errors added by SA to GPS signals; the only
advantage they keep-is that of using two frequencies L1 and L2 in the codeless mode to measure
ionospheric_delay. The PPS users remove degradation by employing SA decription techniques. Table
I.and II give the approximate performances of GPS in terms of the information available to the civil
-cominunity.

Table 1. Effects of SA on positioning

OPERATING MODE PPS USERS SPS USERS

SA | A-S P(Y)-CODE | C/A-CODE | P-CODE | C/A-CODE
1 OFF | OFF 16 m 30 m 16 m 30m

ON | OFF 16 m 30m 100 m 120 m

OFF | ON 16 m 30 m ? 30 m

ON | ON 16 m 30 m ? 120 m

Table II. Effects of SA on the dissemination of GPS time

OPERATING MODE PPS USERS SPS USERS

SA | A-S P(Y)-CODE | C/A-CODE | P-CODE | C/A-CODE
OFF | OFF 15 ns 40 ns 15 ns 40 ns
ON | OFF 15 ns 40 ns 142 ns 167 ns
OFF | ON 15 ns 40 ns ? 40 ns
ON | ON 15 ns 40 ns ? 167 ns

We have observed in the past several exercises which might have been the tests of SA. Here we give a
brief description of them together with the officially implemented SA.

A) Exercise of September 29 to October 2, 1989. During these 1 days the signals of Block I satellites
were perturbed. This exercise, which may have been a test of SA showed a phase jitter of the
satellite clocks and a degradation of ephemerides. In it,
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o the slopes of linear fit to a 13-minute track increased from the usual 15 ps/s to 100 ps/s.
These slopes were different for simultaneous observations in different laboratories. For
example, for PRN 13 observed on September 29, 1990 at 19h18m UTC, the slope was of
—105 ps/s at OP and —26 ps/s at NIST. This would indicate a bias in ephemerides,

o the comparison by common-view of UTC(OP) with UTC(PTB) (distant of about 700 km)
had a standard-deviation of 15 ns instead of the usual several nanoseconds, but comparison
of UTC(OP) with UTC(NIST) (distant of about 7500 km) had a standard deviation of 100
ns instead of the usual 15 ns. This indicates an error in ephemerides which can partially
be cancelled over short distances.

B):- Exercises on PRN 14. During several months before implementation of SA the first satellite of
Block IT, PRN 14 was submitted for short times to degradation which seemed to consist only in
‘phase jitter.

C) “March—August 1990” Implementation of SA. On March 25, 1990 all satellites of Block II were
subjected to Selective Availability (see Fig. 1). The discrepancy of UTC(USNQO) — GPS time
values has increased by a factor of ten. As during the exercise of September 29 — October 2, 1989
‘the slopes of 13-minute tracks have increased by approximately the same amount. However the
slopes were quite similar for simultancous observations from different laboratories. For example,
for PRN 14 observed on March 30, 1990 at 6k30m UTC, the slope was —107 ps/s at OP and
—113 ps/s at USNO. The slight difference between these two slopes is certainly due to local
-conditions of observations such as multipath propagation, rather bad estimation of ionospheric
delays. ... Moreover, the common-view comparisons entirely removed the SA. This means that
the SA consisted manly of a phase jitter of satellite clocks without ephemeride degradation. The
SA introduced on March 25 was suspended between June 24 and 30, July 8 and 14. On August
10, 1990 it was removed and has not yet, at the time of the meeting, been reimposed.

DISSEMINATION OF TIME

The GPS is primarily a tool of time dissemination. Many users employ the GPS to acquire GPS
time or UTC for use in real time or in post-processing. Real-time access to GPS time can easily be
realized with an uncertainty of 100 ns when SA is off. With some post-processing thic value can be
considerably reduced.

What happens when SA is activaied can be seen on Fig. 1. Real-time access to GPS time by a
single space vehicle can be realized with an uncertainty of several hundreds of nanoseconds. This
is satisfactory for some applications. A more accurate access to GPS time can be obtained with
postprocessed smoothed data. The results depend of the length of the smoothed period. From the
results given by Table III we can conclude that the effects of SA on time dissemination can be reduced
to the level of 30 ns when smoothing (Vondrak smoothing!? the data over 10 days (see also Fig. 2).
Smoothing over 1 day gives about 100 ns and over 3 days about 50 ns. Moving average of one day
and three days provides similar results.
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ACCURATE TIME COMPARISONS VIA COMMON VIEW

In time metrology there is a need for accurate comparisons of remote atomic clocks. Ideally the
method of comparison employed should not obscure the performance of the clocks. The simultaneous
observations of GPS satellites, known as the common-view approach, has proved to be very close of
this-idealll* 2- 3] Moreover during the implementation of SA, precisely synchronised common- views
entirely remove the effects of satellite clock phase jitter. The common-view approach also reduces the
effect:-of ephiemeride degradatjonlﬁ].

During this study for Block I satellites we used strict common-views with synchronization to 1 second
(assuming that both receivers use the-same reference time for monitoring the tracks), and the trachs
of the full standard length of 13 minute. We have used raw data with no correction for broadcast
ephemerides or ionospheric model. The antennas coordinates were corrected [7,8]. The values of
UTC(OP)-UTC(USNO) are-smoothed (Vondrak smoothing!®)) over the periods of ten days. The
results are given by Table IV, and are illustrated by Fig. 3.

Clearly, strict common-views completely eliminate the effect. of SA, which means that there is no
ephemeride degradation. The distance between OP and USNO being about 6000 km, a large error in
ephemerides-would -introduce a major discrepancy. The slight difference, a few nanoseconds, between
the:results of Block I.and Block II comes from the use of different ensembles of satellites. This can be
the effect of broadcast ephemerides, model of ionosphere, multipath propagation...

The results of another common-view comparison of two distant laboratories (OP and NIST) during
implementation of SA can be found inf2).

CONCLUSIONS

This study shows that the March—August 1990 implementation of SA consisted only of satellite clock
phase jitter, and can be entirely removed by strict common-views. The satellite ephemerides were
not degraded. This is fortunate for time metrology, and brings the hope that even degraded GPS
signals will allow high accuracy time comparisons without painful and time-wasting correction of
ephemerides.

At present, however, there is no certainty that SA will continue to be implemented in this way. The
exercise of September 29— October 2 1989 shows that the degradation of ephemerides is possible. Tor
this reason the community of time metrology is well- advised to continue its efforts in studying possible
techniques for the correction of degraded ephemerides. Various approaches are now being considered
[6]. These include the use of precise ephemerides or the use of the differences between broadcast
undegraded and broadcast degraded ephemerides if provided by OCS. At present the delay of three
months with wkich precise ephemerides are accessible is a major obstacle to their use on an operational
basis. Additionally, the use of precise ephemerides requires the record of broadcast ephemerides in
some laboratories around the world (one per area). At present the broadcast ephemerides are recorded
regularly at BIPM (Sévres, France) and NIST (Boulder, Colorado).

The implementation of SA is a severe drawback in terms of direct access to time, but for delayed
dissemination of time the effects of SA can be considerably reduced.

149




REFERENCES

1. B. Guinot, W. Lewandowski, C. Thomas, A review of Recent Advances in GPS Time Compar-
isons, in Proc: 4th European Time and Freq. Forum, pp. 307-312,1990.

2. W. Lewandowski, G. Petit, C. Thomas, M. Weiss, The use of Precise Ephemerides, Ionospheric
Data and- Corrected Antenna Coordinates in a Long Distance GPS Time Transfer, in Proc. 22nd
PTTI (this volume), 1990.

3. M. J. Ellett, Civil Access to the Precise Positioning Service of the NAVSTAR GPS, in Proc.
18th PTTI, pp. 353-361, 1986.

4. W. J. Klepczynski, L. G. Charron, The Civil GPS Service, in Proc. 20th PTTI, pp. 51-64, 1988.

5. D. W. Allan; M. Weiss, Accurate Time and Frequency Transfer during common-view of a GPS
satellite, in Proc. 34th Ann. Symp. on Freq. Cont., pp. 334-346, 1980.

6. W. Lewandowski, M. A. Weiss, The Use of Precise Ephemerides for GPS Time Transfer, in
Proc. 21st PTTI, pp. 95-106, 1989.

7. B. Guinot, W. Lewandowski, Improvement of the GPS Time Comparisons by simultaneous rcl-
ative positioning of the receiver antennas, Bulletin Géodésique, 63, pp. 371-386, 1989.

8. W. Lewandowski, R. J. Douglas, W. J. Klepczynski, W. Strange, J. Suter, M. Weiss, Positioning
of GPS antennas in Time Kceping Laboratories of North America, in Proc. 43rd Symp. on Freq.
Cont. pp. 218-224, May 1989.

9. J. Vondrak, Bull. Astron. Inst. Czechoslovakia, 20, 349,1969.

LIST OF ACRONYMS AND ABBREVIATIONS

A-S Anti-Spoofing

BIPM Bureau International des Poids et Mesures
Cv Common-~View

C/A-Code Coarse/Acquisition Code

DoD United States Department of Defence
GPS Global Positioning System

JPL Jet Propulsion Laboratory

0CS GPS Operational Control Segment

op Paris Observatory

NASA National Aeronautic and Space Agency
NIST National Institute of Standards and Technology
P-Code Precision Code

PPS Precise Positioning Service

PTB Physikalisch-Technische Reichsanstalt

SA Selective Availability

SPS Standard Positioning Service

SV Space Vehicle

USNO US Naval Observatory

UTC Coordinated Universal Time
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Table IITI. 10-days smoothed values of UTC(K) - GPS time.
Unit: 1 nanosecond.

Date
1990

May

‘May

June
June
-June
July
-July
July
Aug.
Aug.
Aug.

Date
1990

May

May

June
June
June
July
July
July
Aug.
Aug.
Aug.

18
28

17
27

17
27

16
26

18
28

17
27

17
27

16
26

By Block I
28 sV

-318
-252
-141
~12
116
123
-16
~137
-162
-92
27

By Block I
45 SV

-105
=52
28
128
232
254
111
-40
=120
=118
-38

UTC(OP) - GPS time

By Block II
64 SV

-352
-266
=135
=21
112
98
15
=126
=137
=96
33

Block I
-Block II

34
14
-6
9

4
25
=31
~-11
=25
4
-6

UTC(USNO) - GPS Time

By Block II
12 SV

=111
-88
0
142
232
238
115
-34
=120
-118
-33

151

Block I
-Block II

6
36
28
14

SA on
Block II

ON
ON
ON
ON
ON
ON
ON
ON
ON
OFF
OFF

SA on
Block II

ON
ON
ON
ON
ON
ON
ON
ON
ON
OFF
OFF




Table IV. UTC(OP) - UTC(USNO) by common-view.
Unit: 1 nanosecond.

Date by Block I by Block II Block I SA on
1990 7 CV 3 Cv -Block II Block II
Mar. 9 =790 ~788 -2 OFF
Mar. 19 ~706 -709 3 OFF
Mar. 29 =577 ~-574 - -3 ON
Apr. 8 -485 -482 -3 ON
Apr. 18 -410 -410 0 ON
Apr. 28 -365 -365 0 OoN
May 8 -296 -293 -3 ON
May 18 =213 -215 2 ON
May 28 =215 -211 -4 ON
June 7 =171 -169 -2 CN
June 17 -160 =157 -3 ON
June 27 -140 -140 0 ON
July 7 =148 ~149 1 ON
July 17 -144 -147 3 ON
July 27 . =112 -111 -1 ON
Aug. 6 -61 -58 -3 ON
Aug. 16 -6 -5 -1 OFF
Aug. 26 -51 -48 -3 OFF
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UTC(USNO) — GPS time by Bloc I

25 March 1980 implementotion of SA
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Figure 1, Implementation of SA on 25 March 1990 gb seen
from the US Naval Observatory.
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Vondrok smoothing EPS-= 10

4CG0

300

200 ~

100 -

—=100 -

NONOSECONGS

-200 -

s

| |
Ll A

—60C T T L T T T T T T

(Thousands)
— 40000

Fiure 2. Values of UTC(OP)-GPS time by Block 11 s~teliites
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UTC(OP) — UTC(USNO) by Block Il
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-210

Figure 3. Conunon-views between Paris Obgervatory and US
Navsl Observatory (distante of about 8000km)
over a periode of 10 days. Dashed lines
represent smoothing,
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QUESTIONS AND ANSWERS

Unidentified Questioner: What smoothing algorithm did you use?

Mr: Lewandowski and David Allan: The data that you saw used Vondrak smoothing before

the SA, but the actual smoothing on the one day, three day and ten day samples was just simple
averaging,

Dr. :Gernot Winkler, U.S Naval Observatory: The noise is not white, and it is not Gaussian.
Under these conditions, averages are not the optimum estimator of the center of the distribution. I have

made-some tests using simply the median of neighboring values, and if you have sufficient numbers of
observations, and of course we wiil have more with more satellites, this becomes much more effective.

Professor Carroll Alley, University of Maryland: Is there any evidence of periodicity in the
noise? What is the shortest time between which you can do these comparisons?

Mr. Lewandowski: The time between observations was 30 minutes. We were just looking for
common view time comparisons.

Unidentified Questioner: In view of the political environment, is there any change in the SA
-policy?

Mr. Lewandowski: No one knows! At least they are not saying!
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Abstract

The work reported in this paper takes place in a general theoretical overview concerning the generation
of an ensemble time scale. Different algorithms can be designed to matci the particular needs of users and
the available sets of clocks and time measurements. In all cases however, the statistical treatment of clock
data requires at least:

o the definition of an average time scale,
o the specification of a procedure to optimize the contribution of each clock,
s the implementation of a filter on each clock frequency to provide @ means of prediction.

Here, the comparative study of two time scale algorithms, devised to satisfy different but reluted require-
ments, is presented. They are ALGOS(BIPM), producing the international reference TAI at the Bureau
International des Poids et Mesures, and AT1(NIST), generating the real-time time scale AT at the National
Institute of Standards and Technology. In each case, the time scale is a weighted average of clock readings,

but the weight determination and the frequency prediction are different because they are adapted to different
purposes.

The possibility of using a mathematical tool, such us the Kalman filter, together with the definition of the
time scale as a weighted average, is also analysed. Results obtained by simulation are presented.

INTRODUCTION

To keep time is to accumulate, without discontinuity, time scale units ¢ ..ose as possible to the SI
second as defined in 1967 by “the duration of 9192631770 periods " 2 radiation corresponding to

157




the transition between the two hyperfine levels of the ground state of the casium atom”t.

Time laboratories have at their disposal commercial ceesium clocks. But physical devices can fail, so
these laboratories are inevitably led to keep not one, but several clocks which are together treated as
an-ensemble. Clock readings are then combined through an algorithm designed to raise the stability,
accuracy and reliability of the time scale above the level of performance of any individual clock in the
ensemble.

In the design of a time scale algorithm there is no general solution. Rather the fundamental ingredi-
ents should be artfully mixed to match the available time measurements and the needs of the user.
Some of these ingredients are the definition of an average time scale, the specification of a weighting
procedure, the determination of a means to predict clock frequencies and the implementation of a
filter on measurement noise.

In-this paper the key point of the definition of the time scale is highlighte2 for different algorithms.
In-a first section, we propose the comparative study of two time scale al zorithms: ALGOS(BIPM)M,
producing the international reference, TAI, at the Bureau International des Poids et Mesures, and
ATI1(NIST)®), generating the real-time time scale, AT1, at the Naticnal Institute of Standards and
Technology. Though the weight determination and the frequency prediction are different, becanse
they are adapted to different purpuses, these two algorithms rely on the same definition of the time
scale.

In a second section we emphasize the possible use of the Kalman filter for a time scale. This mathe-
matical tool is first briefly presented and then shown as being valuable help in the efficient processing
of clock data. Here we show with three examples of algorithms based on Kalman filtering(4: % 6} that
this technique can be unpowerful for the elaboration of a time scale if an equation of definition is not
set. Finally, our own view of how to take advantage of the Kalman filter is given together with results
obtained from simulated clock data.

Note: In what follows symbols are defined as:

t: date of the time scale update,
H;:  clock identification,
hi(t): reading of clock H; at date ¢
(this quantity is not directly accessible by experiment),
pi:  weight assigned to clock H;,
zi(t)=TA - hi(t): clock H — i time offset from the time scale
TA under computation
(this quantity gives user access to the time scale),
N: clocks number,
zi;(t) = hy(t) — hy(t) = 2,(2) — z,(t): measurement between clock /I, and clock I, at date ¢,
T: time interval between two measurement cycles.

1. COMPARATIVE STUDY OF ALGOS(BIPM) AND AT1(NIST)

The detailed analysis of the comparison of the two algorithms, ALGOS(BIPM) and AT1(NIST), has
been published elsewherel’). Iere we give only the main features of that study in order to focus on
the definition of the time scale in these two cases.
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1=1 ALGOS(BIPM)

ALGOS(BIPM)--produces the international reference, TAI (temps atomique international), at the
‘Bureau: International des Poids et Mesures (Sevres, France). The requirement here is for extreme
reliability and long-term stability. To this end, TAI relies on a large number of clocks of different
types, located in different-parts of the world and connected in a network allowing the precise exchange
of time data. Although measurements are performed at intervals of 7=10 days, the definitive update of
TAI is.obtained from an iterative and post-processed procedure which treats, as a whole, two-month
‘blocks-of:data and so ensures long-term stability!®" 7). One important consequence is that TAI is a
deferred=time time scale.

The first:step in-the establishment of TAT is the computation of a free atomic time scale, EAL (éclielle
atomique-libre), obtained as a weighted average of clock readings. TAI is then derived from EAL
with a,,fréquency"steering' in order to ensure accuracy. For each date ¢ of the two-month interval of
computation [tg, to + 60 days], EAL is defined as:

N
Y pilhi(t) + hi(D)]
BAL() = = (1)
> pi
=1

In this-equation, p, is the weight assigned to clock H,, and h](t) is a time correction applied at date
1°to ensure time and frequency continuity of the scale when the weights of clocks or the total number
of-clocks-is changed(81:

hi(t) = @i(to) + Bip - (t — to), )

here Biy(2) is the frequency of clock H;, relative to EAL, predicted for the period 1o, ¢

From equation (1) and the above notations, we get the system of equations:

Zp,z,(t) Z[J,h’(t) (3)

i=1

sz(t) = zi(t) — z;(¢)

The time measurements are chosen to be non-redundant so that the system (3) is deterministic with
N equations and N unknowns and so is exactly solvable at each date ¢. The results are the quantities
zi(to + nr) with n = 0, 1, 2, 3, 4, 5 and 6 for each clock H,. Clock H, frequency B,({o + 60 days)
for the two-month interval under computation is obtained as the least squares slope of the quantities
z;i(to + n1).

The detailed and complete description of the weighting procedure is described elsewherel”. The
general principle is that the weight assigned to clock H, is set to be inversely proportional to the
frequency variance of the clock over six two-month samples. This ensures the long-term stability of
EAL and allows deweighting for seasonal fluctuation. An upper limit of weight and a system for the
detection of abnormal behaviour are also in use in ALGOS(BIPM).
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The:frequency prediction-is-a one step linear prediction{?, the supposition being that each clock most
likely behaves in the present two-month interval as it did in the previous one. This is the optimal
estimate-for random walk frequency modulation, which is the predominant clock noise for two-month

-averaging time.

1-2. AT1(NIST)

The-AT1 time scale, developed at the National Institute of Standards and Technology (Boulder, Co,
USA):is-used for scientific studies. The basic requirement is to provide definitive access to the time
scale’in near real time, with no post-processing or reprocessing. It is an average time scale derived from
measurements taken from about 10 commercial clocks located on the site. The AT1(NIST) algorithm
estimates time, adaptative weight and frequency®®! for each contributing clock at each measurement
cycle, at present 7 = 2 hours.

The-equations for computing the time scale at date ¢ are based on predicted values %, and §, for the
time and frequency of each clock. The predicted time difference Z,(t) of clock H, relative to AT1, for
the date ¢, involves the time offset z,(t - 7) obtained from the previous computation and the frequency
§i(t— ) estimated at datet — r and predicted for the next 7 period. This is written as:

&i(t) = zi(t - 7') + ﬂi(i -T)T. (4)

This-equation is completely similar to (2) in the description of ALGOS(BIPM) if t — ¢, is set equal to
T.

The definition of the time scale itself is written as:

N
_ZP,-[::‘:,—(t) - z35(t))
zi(t) = = . (5)

N
>.P

=

where 2;;(t) is the non-redundant set of time measurements.

A trivial transformation of (5) leads to:

N
> Pil5(8) - =5()] + 2i(?)

vt
z"(t) = N
2P

i=1

; (6)
so that we get the system of equations:

N N
> Pizi(t) = 3 _Pigs(t)

i=1 i=1 (7)

zi5(t) = z:(t) ~ z5(¢)
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“Thisis-a system of N equations with N unknowns, equivalent to system (3) for ALGOS(BIPM).
‘The-analogy in the definition of EAL and AT1 time scales is then complete.

“‘Weights-p, appearing in(5), designed to eusure stability, have been determined in the previous compu-
‘tation at date t — 7 with an exponential filter over the time deviations between predicted and estimated
time differences of the last N, periods®l. The time constant N, is usually set at 20 to 30 days. These
time-deviations are also-corrected for the bias introduced by the correlation between the clock itself

and-the:average time scalel3). A detector of abnormal behaviour and an upper limit of weight!?) exist
-also in AT1(NIST).

The predicted frequency §.(t) comes from an exponential weighted average of pa.t and present mean
frequencies. The time constant of this exponential filter being characteristic of the statistical behaviour
of each-contributing clock.

Conclusions

The ALGOS(BIPM) and AT1(NIST) algorithms rely on the same basi. definition of the time scale,
-generated as a weighted- average of clock readings. They also present other common features: mea-
surements of time differences are treated as having negligible uncertainties and clocks are suppused
-uncorrelated among them.

The appropriate way to determine clock weights and to predict clock frequencies depends essentially on
‘the available measurements (number of clocks, measurement sampling) and on the properties required
{for the resulting time scale (real-time updating or deferred-time post-processing).

2. TIME SCALES BASED ON KALMAN FILTERING

2-1 KALMAN FILTERING OUTLINE

The Kalman filter, which is used in many signal processing applications, is a tool well-adapted fo1
stochastic estimation and prediction. It is a recursive and linear filter, uptimal in the sense of least
-squares estimation(® 10,

Its property of recursivity makes of this filter an interesting tool for help in the elaboration of a time
scale: it allows a definitive treatment at each measurement cycle and provides a means of prediction
for the next step. The system under estimation, in the case of a time scale, includes clock time offsets
and clock frequencies. The evolution with time of these quantities can easily be represented by a linear
model, linearity being a necessary condition for application of the Kalman filter theory. In addition
measurement noise and correlation among clocks can naturally be inserted in the model whereas it is
not the case for the two previous algorithms.

Here is a brief description of how Kalman filtering operates. The intention is to avoid equations which
can be found elsewherel1%] but rather present basic ideas in the schematic way of Fig. 1 and 2.

Consider a dynamical system which evolves linearly with time. At date ¢ its state is represented by
a vector X(t). We wish to estimate this vector using measurements, obtained with a r measurement
cycle, for times preceding date {. Suppose that the system. state was estimated at date ¢ — 7 by the
vector X(t — 7/t — ), a quantity which must be read as estimate of X at date { — 7 knowing
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all the measurements up to date ¢ — 7. This estimate has an error given by a covariance matrix
I'(t — 7/t -- T) and represented on Fig. 1.

According to the model of evolution and to the noise of the model given by the covariance matrix
Q(t), the transition step of the Kalman filter (Fig. 1) allows us to estimate the predicted state of the
system at date ¢, knowing all the measurements up to date t — 7: the vector X(t/t — 7). The error on
the estimation of this vector is given by the matrix I'(t/t — ), which includes the matrix Q(t). This
error is larger than the error at date ¢t — 7, mainly because the model is not perfect (see Fig. 1).

We now represent 2 new measure by a vector Z(t) which is affected by an error given by the matrix
R(t) and represented on Tig. 1. From the predicted state at date ¢ and this new information, the
Kalman filter computes a new estimate of tl.e state of the system according to an “update adjustment”
described in Fig. 2. This new estimate is represented by the vector X(t/t) affected by a covariance
matrix I'(¢/t), the trace of which has been minimized.

The update adjustment of Tig. 2 builds the new estimate from the old one and from the innovation
weighted by the Kalman gain. The innovation represents the new information contained in the last
measurement: it is simply the difference between the real measure and a predicted measure, expected
from the predicted state at ¢ knowing ¢ — 7. The Kalman gain A'(2) is given by a complex expression
involving all the errors which affect the system, mainly T, Q and R0\ Qualitatively, if the mea-
surement Z(t) is very good, that is, affected by a very small error, the Kalman gain at date ¢ will
be large so that the new estimate of the system state will largely rely upon the new observation. On
the contrary, if the measurement is very bad, the adjustment process of the Kalman filter will tend to
ignore it.

At last one more detail: the noises which are involved in the Kalman recurrence must be white noises.

2-2 EXAMPLES OF APPLICATION OF THE KALMAN FILTERING TO THE
COMPUTATION OF A TIME SCALE

The first attempt te apply the Kalman filter to the problem of time scales was performed by Tryon
and Jones in 19824, Their system is an ensemble of N clocks. The system state X () has 2N
components: the N clock time offsets h,(t) and the N clock frequencies y,(t) relative to an ideal time
scale. The model integrates each clock time and frequency affected by white frequency noise and
random walk frequency modulation. The measurement vector Z(t) is composed of the (N-1) time
differences, measured between each cloch and the reference clock. The measurement noise is supposed
to be negligible. The result of the Kalinan recursivity is an estimate of how cach clock departs from
an ideal time scale, but it is found that the error of this estimate always increases with time. This
non-convergence of the covariance matrix I' arises from the lack of observability of the system: N
quantities h,(f) being estimated from only (N-1) measurements. In this case the Kalman filter is an
efficient tool for filtering the data noise but, isolated, it does not have the power to build an average
time scale.

Another example is the approach developed by Stein®l, where a Kalman filter is applied on the time
measurements Z,,(t) themselves, to smooth cut the white phase noise. These filtered measurements
are then used to predict the time offset of a given clock, relative to the ensemble time, in (N-1) different
ways, cach way passing through another clock of the ensemble. The definitive estimate of this time
offset cumes from a weighted average of these different predictions. The weighted average is defined
by (3) or (5) and computed with a static and robust Kalman filter.
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The Kalman filter is also used for time scales as a complement to the AT1(NIST) algorithm for
frequency step-detection. This work, proposed by Weiss and Weissert(®, utilizes the results z.(¢) of
ATl in ordef to realize pseudo-measurements of the frequency of each clock relative to the ensemble
time. The white noise of these pseudo-measurements is filtered and so gives access to the random
walk -component of each frequency and to the variance of this estimation. They are then tested for
possible step. '

2.3 A NEW PROPOSAL FOR USING THE KALMAN FILTER IN TIME SCALE
GENERATION

Here we propose a new approach for using the Kalman filter in time scale generation and present
results obtained with simulated clock data.

We start with the same hypothesis and defining equations as were used for ALGQS(BIPM) and
AT1(NIST).

Supposc an ensemble of N clocks, the frequencies of which are uncorrelated. One clock is chosen as
the reference. Each day N-1 time measurements are performed (r = 1 day). Suppose also that the
white:phase noise of the measurements is smoothed out before the main computation of the time scale
so-that it can be treated as negligible. The ensemble time scale is defined by (3) or (5) as:

N
_ZP.-[oz;(t +7) = zij(t + 7)) :
it +7) = = (8)

>

=1

with: &t + 7) = z;(t) + §:(t) - 7, similar to (4),

where §;(2) is the predicted frequency for the interval [t, ¢+ 7).

The weight p, and the predicted frequency #;(t), relative to the time scale, of each clock are chosen
outside the main computation to ensure the best long-term stability.

Now we wish to improve the short-term stability of the scale. For this purpose we use N-1 Kalman
filterings, each of them operating on just two clocks, the reference clock /I, and another one chosen
among the ensemble ;. This decoupling supposes that the N-1 pairs of clocks are uncorrelated, w hich
is theoretically not true, as the same reference clock is involved in each pair. However, one can choose
the least noisy clock as reference and suppose the coupling to be small. Anyway the correlation of the
N-1 pairs can be easily inserted in a Kalman filter operating on all the pairs together.

For each Kalman filter, the state of the system is composed of a single quantity, the frequency y,,(t)
at date t of clock H, relative to the reference clock. The model of evolution of the system is written
as:

¥ii(t+7) = 9i5(0) + o (9)

where a,, is white noise driving the random walk frequency modulation of the clock. The @ matrix is
reduced here to the variance of the white noise a;;.
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Frequency measurements are deduced from time measurements with the equation:

zij(t + 1) = 745(1)

: = ¥ii(t + 7) + Bij (10)

zij(t+7) =

and are affected with white frequency modulation §;;, with variance R.

The application- of the Kalman filter leads to an estimation of the random walk component of the fre-
-quency ¥,,(t+7) of clock H, relative to clock H, while smoothing out the white frequency modulation.

Now, the filtered estimate y;,(t + 7) of the frequency y,,(t + 7) can be introduced in the equation of
definition of the time scale as:

N N
> Pilzi(t) + §i(t) - 71 = D Pilasi(t) + vt + 1) - 7]

it +7) = =L iil=1 (11)
Y P
i=1
or
N N
SR - w0 00 - vyt +7) -]
zj(t+7) = = + = (12)

N N

2P 2P

i=1 =1

The first term of (12) is z,(2), the time offset of the reference clock H, with respect to the average time
scale. The second term is the weighted average of estimations of the frequency of clock H, relative to
the time scale, obtained through clock H, and the filtered frequency of clock H, relative to clock II,;

it is then the frequency of the reference clock H, relative to the average time scale at date ¢ + 7.

Our proposal consists in filtering the white frequency modulation to estimate the random walk compo-
nent of the frequency of a clock relative to another clock and then introducing this filtered frequency

in the definition-of the average time scale. This approach is thus opposite to that developed by Weiss
and Weissert(6],

This new procedure has been investigated with simulated clock data: 6 clocks were simulated with
different levels of white frequency modulation and random walk of frequency for a 300 day period.
One clock has better short-term and long term stability than the others. this is chosen as the reference
clock. The frequency stability for the 5 pairs of clocks is given on Fig. 3. After filtering of the white
frequency modulation, the short-term frequency stability for each pair of clocks is largely improved,
as shown on Fig. 4. The efficiency of the filtering is presented on Fig. 5 for a given pair of clocks: the
white frequency modulation is smoothed out, leading to the extraction of the random walk component
of the frequency of one of the clocks relative to the other.

For the computation of the time scale, the weight p, of clock M, is chosen to be the reciprocal of its
Allan variance computed over 30 days. The predicted frequency of clock M, relative to the time scale,
i, is the average of the previous 30 day frequency data. This averaging time is chosen to improve the
long-term stability of the average time scale.
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“The frequency stability of the resulting time scale, computed either with raw data or after implemen-
‘tationzof the:Kalman filtering procedure, is presented on Fig. 6: the average time scale obtained with

~ filtered data-has a:lower level of white frequency modulation and so is more stable using averaging
time-in the-range 1-30 days. After a 30-day averaging time, the random walk frequency noise is
predominant-and the two time scales have the same behavior.

‘CONCLUSIONS

Thefirst step of the construction of a time scale’is the definition of the ensemble time. For most time
scale-algorithms used in timing centers, the ensemble time is a weighted average of clock readings. The
-determination- of the contribution-of each-clock and the mode of prediction of its frequency relative to
the-tine scale are chosen in order to match special user needs and available-time measurements.

The Kalman filter is a tool well adapted-to time scale-generation once the definition of the ensemble
time -has been given. It helps to smooth out the white phase noise of the time measurements. Its
use-for filtering the white frequency modulation of the clocks themselves is a new approach. In this.
case-the time scale is built with the random walk component of the frequencies of the clocks relative
to a single-clock chosen as reference. The short-term stability of the resulting time scale is then
significantly-improved.
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F1GURe 2: Schematic description of the adjustment process for the Kalman
filter, leading to the updated estimation of the state of the system (The H
matrix, not specified in the text, is the ’‘observation matrix’ which links
the vector of the system state, X, to the vector of measurement, Z. If all
the quantities under estimation are observable, H is the matrix Identity).

166




4-10~13-

f

S 3 *
_ :«6 R N
h > 3 A

Q 1!

ke = A=

g 0 - //

< 140~ . ‘

4-10-“?JI — T T T T
1 2 5 10 30 60 100

days

-FIGURE 3: Allan deviation for five pairs of clocks. The clocks are
simulated with different levels of white frequency modulation and randonm waik

frequency modulation.

4-10~1

c

°

®

>

[+

©

s

= {.10—13.]

Z 10
F-g
4

44014 ; : - . :
1 2 5 10 30 60 100
days

, FIGURE 4: Allan deviation of the sape pairs of clocks as in Fig. 3, after
ag(ljlgag.r_.on of a Kalman filter for smoothing out the white frequency
rodulation.

167




1

ns/day

300 days

FIGURE 5: Example of Kalman estimation of the random walk component of
the frequency:

—— measured frequei.y
~— estimated frequency

140~ 13 ]
5.80¢~14
&
4.35E~14
c 4.4¢— 14 o
5 41cC
®
2 3.410E-14 SAIE-14 303814
3 . %,80E—14 260E-14 307014
> D A R 202814
g 3 281614
b= . 2.3%E—14
2,10E~14
1 +
1.72E-14
1.488—14
110~ 1 ! 1 . T ' y
: 2 5 10 30 60 100
days

FIGURE 6: 5tability of the average time scales obtained with simulated

ciock data:
O raw clock data,
+ filtered clock data.

168




QUESTIONS AND ANSWERS

Unidentified Questioner: Was your data tested for periodicity, such as for the apparent ten day

period in the graph? Was any Chi square test performed? Was the noise tested for whiteness and

Gaussian behavior?

Ms.. Tavella: Each type of noise was obtained from random white noise.
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ULTRA-STABLE Hgt TRAPPED ION FREQUENCY
STANDARD*

J. D. Prestage, G. J. Dick, L. Maleki

California Institute of Technology, Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91109

Abstract

We are developing a fieldable trapped ion frequency standard based on 19 9Hg ions confined in a hybrid
rf/dc linear ion trap. This trap permits storage of large numbers of ions with reduced susceptibility to the
second-order Doppler effect caused by the 1f confining fields. In preliminary measurements we have obtained
a stability of 2—3-- 1 0-15 Jor 10,000 second averaging times. These measurements were carried out with
@.120 mHz wide atomic resonance line for the 40.5 GHz clock transition with a second order Doppler shift
from the rf trapping field of 6 - 10~ 13,

INTRODUCTION

Atomic frequency standards with high stability for averaging times 7 longer than 1000 seconds aie
-necessary for a variety of astrophysical measurements and long baseline spacecraft ranging experiments.
The millisecond pulsar, PSR 1937427, shows stability in its rotational period that exceeds that of all
man-made clocks for averaging times longer than 6 months. Comparison of this pulsar period with
an earth based clock of stability 1+ 10~ over averaging periods of one year is expected to show the
effects.of very low frequency gravitational waves[1,2]. Spacecraft ranging measurements across the solar
system would be improved with earth based clocks whose stabilities exceeded 1. 10~!° for averaging
times of 104 to 10% seconds. This clock performance would also improve gravity wave searches in
spacecraft ranging data. Another use for long term stable clocks in NASA’s Deep Space Network
would be in maintaining syntonization with UTC.

We are developing a fieldable frequency standard based on *°Hg* ions confined in a linear ion tiap
which should show good long term frequency stability. Typically the largest source of frequency offset
stems from the motion of the ions caused by the trapping fields via the second-order Doppler or
relativistic time dilation effect. Though a large ion number is desirable for good signal to noise, the
frequency offset which also grows with the number of ions forces us into a trade-off situation where
fewer ions-are trapped in order t. reduce the (relatively) large offset and frequency instabilities whick
may result.

*This work represents the results of onc phase of research carried out at the Jet Propulsion Laboratory, Cahfornia
Institute of Technology, under contract sponsored by the National Aeronautics and Space Administration.
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In a conventional hyperbolic or Paul trap ions are trapped around the point node of the rf electric
field at the center (Fig. 1). The strength of the electric field and the resulting micromotion of the
trapped particles grows linearly with distance from this node point. As ions are added the size of ion
cloud grows until the second order Doppler shift arising from the micromotion in the trapping field
dominates the second order Doppler shift from the ion’s thermal motion at room temperature. For
typical operating conditions [3,13] a spherical cloud containing 2 - 10® mercury ions shows a 2nd order
Doppler shift of 2- 10712, 3 value some ten times larger than tiat for mercury ions undergoing room
temperature thermal motion.

In order to increase the number of stored ions with no corresponding increase in second-order Doppler
shift from jon micromotion we have designed and are currently testing a hybrid rf/dc linear ion trap.
This trap confines ions along a line of nodes of the rf field (IF'ig.2). The trapping force transverse to
the line of nodes is generated by the ponderomotive force as in conventional Paul traps while the axial
trapping force is provided by dc electric fields [3-7].

We can compare the second-order Doppler shift, Af/f generated by the trapping fields for a cloud
of ions in a linear trap and a conventional Paul trap [3,4] assuming that both traps are operated so
that the ions have the same secular frequency; w. When the same number of ions N, are held in both
traps the average distance from an ion to the node line of the trapping field is greatly reduced in the
linear trap. Since the perpendicular distance from the line of nodes determines the magnitude of the
tf trapping field the 2nd order Doppler shift of an ion’s transition frequency due to motion in the
trapping field is reduced from that of a conventional point node trap. If R,y is the ion cloud radius
in the Paul trap and L is the ion cloud length in the linear trap the Doppler shift in the two traps are

related by[3]
<—Af—f> lin ng:h ('A?{) b )}

As more jons are added to the linear trap this shift will increase. It will equal that of the spherical
ion cloud in a hyperbolic trap when

Nijp = =—=— sph-
1} 5Rsth ph (2)

Equations (2) and (3) are valid when the jon cloul radii, Ryn and Rspp, are much larger than the
Debye length which is the characteristic plasma density fall off length at the ion cloud edge and is
about 0.4 mm for typical Hg* ion plasmas used in frequency standard work [3,13].

In addition to its larger ion storage capacity the dependence of the second-order Duppler shift on
trapping parameters in a linear trap is very different from that in a conventional Paul trap. For many
jons in a Paul trap this shift is given by[3,10]

Af _ 3 Nuwg? 2B
(7) sph T 10¢? (threom) (3)

where w is the secular frequency for a spherical ion cloud containing N ions each with large to mass
ratio q/m. c is the speed of light and ¢, is the permittivity of free space. Ions in a linear trap show a
2nd order Doppler shift from the motion generated by the rf confining field giver by(3]
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/Af _ q2 ﬁ ‘
KT) lin - (.87r60mc2) L (4)

where L is the length of the ion cloud.

In contrast to the spherical case as described Eq.(3), this expression contains no dependence on
trapping field strength, as characterized by w, and depends only on the linear ion density N/L. If
for-example, the rf confining voltage increases and consequently the micromotion at a given poiut iu
space increases, the ion cloud radius will decrease so that the second-order Doppler shift from ion
micromotion remains constant. Similar statements can be made about variations in any parameter
that effects the radial confinement strength [4].

The:sensitivity of the finite length linear trap to variations in radial trapping strength (charactetized
by w) is [4]

—(—AL')——=_ FAT (5)

and to variations in endcap voltage is
—~ L llin g ZH77¢ (6)

where R, is the trap radius. The Paul trap shows a corresponding sensitivity to trap field strength
variations

6(%1)3,9;; 26w (7)
Y T 3w’ '
(f )_,ph

A comparison of Eqs. (5) and (7) shows the linear trap based frequency standard to be less sensitive
to variations in trapping field strength than the Paul trap by a factor of 3R,/ L. For the trap described
in the next section this factor is about 1/3.

LINEAR TRAP DESCRIPTION

Our linear trap is shown in Fig. 3. The operation cf the trap as a frequency standard is similar to
previous work [9,10]. The ions are created inside the trap by au electron pulsc along the trap axis
which ionizes a neutral vapor of Hg. A helium buffer gas (2 x 10~2 Pascal or 1.5 x 10~* torr)
cellisionally cools the ions to near room temperature. Resonance radiation (194 nm) from a 2%?IIg
discharge lamp optically pumps the jons into the F=0 hyperfine level of the ground state. This UV
light is focused onto the central 1/3 of the 75 mm long ion cloud. The thermal motion of the ions
along the length of the trap will carry all the ions through the light field so that pumping is complete
in about 1.5 seconds for typical lamp intensities.

To minimize stray light entering the fluorescence collection system this state selection light is collected
in a Pyrex horn as shown in Fig. 3. The placement of the LaBg electron filament is also chosen
to prevent light from the white hot filament from entering the collection system. Its placement and
rela’*vely cool operating temperature together with good filtering of the state selection/interrogation
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UV light in the input optical system have allowed frequency standard operation without the use of
a 194 nm optical bandpass filter in the collection arm. This triples data collection rates since such
filters typically have about 30% transmission for 194 nm light.

Microwave radiation (40.5 GHz) propagates through the trap perpendicular to the trap axis thereby
satisfying the Lamb-Dicke requirement that the spatial extent of the ion’s motion along the direction
of propagation of the microwave radiation be less than a wavelength. This radiation enters the trap
region through tite Pyrex horn (see Fig. 3) and propagates in the opposite direction to the UV state
selection/interrogation light. This allows fluorescence collection in both directions perpendicular to
the plane of the page in Fig.3. For the resonance and stability data shown below fluorescence was
collected in only one of these two directions.

FREQUENCY STANDARD OPERATION

We have used Ramsey’s technique of successive oscillatory fields to probe the approximately 10.5 G1lz
clock transition in '%°llg* ions confined to the linear trap described above. In these measurements
the 40.5 GHz signal is derived from an active Ilydrogen maser frequency source as shown in Fig.
4. A representative resonance line used in the %°Hg* clock transition is shown in Fig. 5. State
selection and interrogation is accomplished during the 1.5 seconds following the lamp turn on. It is,
of course, necessary to switch the light level to near zero to prevent light shifts and broadening of the
clock transition. A background light level of about 300,000 per 1.5 second collection period has been
subtracted to generate the resonance shown. The successive oscillatory field pulses consist of two 0.4
second microwave pulses separated by 3.5 second free precession perivd. The data shown is an average
of ten 4 Hz wide scans with a 15 mHz frequency step size.

To determine the frequency stability of the overall system of ions, trap, microwave source, etc., we
have locked the output frequency of the 40.5 GHz source to the frequency of the central peak of
the resonance shown in Fig. 5 in a sequence of 2048 measurements. The time required for each
n:easurement is about 6.9 seconds and the loop response time was 5 measurement cycles. By averaging
the frequencies of 2V adjacent measurements (N=1,2,..,10) we form the modified Allan variance. Two
such stability measurements are shown in Fig.6. The frequency stability presented here has been
extended to longer averaging times than previously reported [8] primarily through the addition of a
riple layer of magnetic shields. Fig. 9 compares the present stability to other frequency standards
including the active hydrogen masers used in JPL’s Deep Space Network.

LCCAL OSCILLATOR REQUIREMENTS

One of the fact~rs that can degrade the performance of passive atomic frequency standards is frequency
Juctuations in the local oscillator {L.0.). The limitation due to this effect continues to the longest
times, having the same 1//7 dependence on measuring time 7 as the inherent performance of the
standard itself. The cause of this effect is time variation of the sensitivity to L.O. fluctuations due
to the interrogation process. This limitation was evaluated in a recent calculation for sequentially
interrogated passive standards[10]. Since our trapped ion standard is of this type, the analysis should
be directly applicable.

Additionally, effects inherent in operation of the feedbach loop introduce a 1/7 limitation to standard
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peérformance which depends on the attack time ¢, of the feedback loop.

Roughly speaking, the analysis shows that the local oscillator must have frequency stability at least as
good as-that of the standard itself, for a measuring time equal to the interrogation cycle time ¢.. How-
ever, the effect may be reduced by use of a short dead time ¢y and double-pulse interrogation. In that
case, the-instability induced by an L.O. with constant (flat) variance o10(r), is given approximately

by {11,13]
oy(r) ~ (;i) oro(te) \/7?_ ®)

“This instability will add in quadrature to that inherent in the standard itself. Thus, our trapped

mercury ion frequency source with a performance of oy(r) = 1.7 10-1/4/7, a cycle time of ¢, = 6.5
'seconds, and dead time of t; = 3.5 seconds requires an L.0. with performance approximately given
by o£0(6.5) < 6.5/3.5 - 1.7-10~13/1/6.5 =~ 1.24 - 10~'3. Longer cycle times and higher performance
would place a more stringent burden on the L.O.

A crystal quartz L.O. with stability of o,(7) = 1-10~13 from 1 to 100 seconds is available commercially
and could be combined with the trapped ion standard. Adding the instability given by Eq. 8 for this
oscillator in quadrature with that for the trapped ion source itself predicts a combined stability of
oy = 2.2-107'3//7. With a loop attack time of ¢, = 35 seconds, this performance would be achievable
for times 7 > (¢4 - 1/1.7)? = 425 seconds.

While operation at the highest performance levels may place unattainable requirements on available
crystal quartz local oscillators, application with a hydrogen maser, or other ultra-high stability source
such as a high-Q cryogenic oscillator, could enable long term performance beyond 10~'*. However, in
such an-application, the hydrogen maser’s frequency would not be steered to that of an independently
operating trapped ion source. The maser’s output signal would instead be used itself to interrogate
the Hgt transition. Information thus gathered would be used to compensate for long term variation
in the maser frequency.

SOURCES OF FREQUENCY INSTABILITY

We have measured the second order Doppler shift induced by the micromotion in the trapping
fields in two ways—by measuring the ion cloud radius and by measuring the ion frequency as the ion
number decays. Fig. 8 shows fluorescence from the ions as a masked PMT is swept across the focal
plane of the imaging/collection system. Spatial variations in background light has been eliminated by
subtracting light levels measured with ions in the trap from light levels with no ions present. Assuming
a cylindrical ion cloud, a ray tracing analysis of the light falling on the PMT aperture shows that a
1.5 mm radius ion cloud gives a good fit to the experimental data (sce Fig.8). With this ion cloud
radius, trap operation at 50 kHz transverse secular frequency will yield a second order Doppler shift
frern the trapping field of 6- 10712 [8].

An independent measurement of this frequency shift is shown in Fig. 9. This figure shows the time
variation of the output frequency of the 40.5 GHz source when servoed to the 1°Hg* clock transition.
At the time shown by the arrow the electron pulse which fires at each measurement cycle is stopped.
From that point on the number of ions in the trap is diminishing as the frequency is continuously
tracked. Near the end of the run there are very few ions in the trap, though, enough to give a weak
lock and a determination of the ion resonance frequency in the limit of low jon number where trapping
field shifts approach ordinary thermal second order Doppler shifts [8]. The approximately 25 mlls
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frequency shift in going from many ions to few ions is in good agreement with the 6 - 10~13 value
obtained from the ion cloud radius measurement described above. There was no active ion number
stabilization used in any of the measurements described here.

The fractional sensitivity of the ®°lg* clock transition to magnetic field variations is nearly 1000
times Jess than that of hydrogen at the same operating field. For the present mecasurements the field
was set at 5uT (50 mG). At this operating field the unshielded atomic sensitivity is 2.5 - 10~13 per
mG. To reach 5- 1071 frequency stability the current in the Helmholtz field bias coils must be stable
to 5-107°. To prevent ambient field disturbances from influencing the ion fiequency the trap region
is surrounded by a triple layer magnetic shield of shielding factor 10,000.

CONCLUSIONS

We have demonstrated the increased signal-to-noise and very good stability inherent in a linear ion
trap based frequency standard. Clock operation with line Q@ = 3.3 - 10" has achieved performance of
2-3-10715/4/7 for r = 10,000 seconds. Line Q's as high as 1.3-10'2 have been measured (8], indicating
consequent performance for this trap as high as 5-1071//7 for r > 150 seconds. The requirement for
local oscillator stability required to achieve this performance is quite stringent. However, controlling
a hydrogen maser or cryogenic oscillator for loug term stability improvements seems straightforward.
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